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ABSTRACT 
 Chilling requirement is a critically important phenological trait that controls the 
timing of vegetative bud break and floral bloom, and impacts the climatic distribution of 
temperate tree species.   However, the molecular basis of the chilling requirement trait is 
not well understood.  Analysis of chilling requirement QTL from peach and apricot has 
detected numerous genes known to modulate DNA and histone methylation pathways.  
Evidence from other plant systems suggests these types of epigenetic mechanisms may 
play a role in temperature-modulated plant developmental responses.   
 For this study, DNA from vegetative buds of overwintering peach trees was 
examined for changes in methylation status during chilling accumulation.  Specifically, 
dynamic methylation changes between high chill (HC) and low chill (LC) genotypes and 
changes within genotypes were analyzed.  
 For this purpose, a methylation sensitive amplified fragment length polymorphism 
(MS-AFLP) technique was used to examine cytosine methylation status of vegetative bud 
DNA.  Differences in anonymous CCGG regions of the genome were detected using 
isoschizomer restriction endonucleases (MspI and HpaII), which are differentially 
sensitive to methylation.  
 AFLP results showed multiple time points where methylation patterns differ 
between LC and HC vegetative bud samples.  Re-amplified AFLP bands were cloned and 
sequenced to examine the nature of the sequences undergoing methylation changes 
during dormancy and locate them on the peach genome.  From this analysis, four 
different sequences appeared to undergo differential changes in methylation.  They are: 
 iii   
1) a portion of the coding sequence of a COBRA-like gene, 2) a portion of an unknown 
gene containing aVQ Motif, 3) a sequence ~ 200bp upstream from the start site (ATG) of 
a phytoceramidase gene and 4) a sequence 10 bp downstream from the stop codon (TAA) 
of a DNA repair helicase (DEAD_2) in the DUF 1227 super-family.  Of these four 
sequences, one was in a chilling QTL on LG1 and other was in a bloom date QTL on 
LG1.  The other two were adjacent to chilling QTLs on LG1 and LG8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 iv   
DEDICATION 
  
 I dedicate this thesis to my nana.  Thank you for encouraging me to journey down 
this path of my life.  I only wish you were still here to see the finished result. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 v   
ACKNOWLEDGEMENTS 
  
Thank you to my major advisor, Dr. Albert Abbott for taking me as his last 
graduate student and his never ending patience and support.  I sincerely thank all of my 
advisory committee members, Dr. Douglas G. Bielenberg, Dr. Charles Schwartz, and Dr. 
Susan Chapman for all of the patience, support and guidance with my research and thesis. 
I want to give much thanks to everyone in the Abbott lab (past and present), for 
their never ending support and help with lab techniques and data analysis.  Special thanks 
to Dr. Tatyana Zhebentyayeva and Dr. Bode Olukolu for their sample collection and help 
with the MS-AFLP technique.  I also want to thank visiting scientist, Dr. Horn and Dr. 
DeCroocq, for their advice and help for certain portions of the project.   
 
 
 
 
 
 
 
 
 
 
 
 vi   
TABLE OF CONTENTS 
 
Page 
 
TITLE PAGE .................................................................................................................... i 
ABSTRACT ..................................................................................................................... ii 
DEDICATION ................................................................................................................ iv 
ACKNOWLEDGMENTS ............................................................................................... v 
LIST OF TABLES ........................................................................................................ viii 
LIST OF FIGURES ........................................................................................................ ix 
CHAPTER  
1. LITERATURE REVIEW……………………………………………………1 
    Chilling Requirement for Bud Break in Temperate Trees ................................ 1 
    Climate impact on temperate tree species production and development .......... 4 
    Growth cycles and dormancy phases in temperate tree species ........................ 5 
    Quantitative Trait Loci Associated with Chilling Requirement and Bud Set ... 8 
    Gene expression and epigenetic control ............................................................ 9 
    DNA Methylation in Plants ............................................................................. 10 
    DNA De-methylation in Plants ....................................................................... 14 
    Methods for Studying DNA Methylation ....................................................... 15 
    DNA Methylation During Dormancy in Vegetative Buds .............................. 16 
    Vernalization in Annual Plants as a Model for the Mechanism of CR ........... 16 
    Molecular Control of Dormancy & CR in peach ............................................ 18 
    Project overview .............................................................................................. 19 
    Specific objectives of project .......................................................................... 20 
    References ....................................................................................................... 21 
 
 
 
 
 
 
 vii   
Table of contents (continued) 
 
Page 
 
2.    ANALYSIS OF DNA METHYLATION DIFFERENECES BETWEEN  
              HIGH AND LOW CHILL PEACH (Prunus persica [L. Batsch]) TREES...... 46 
   
              SUMMARY ..................................................................................................... 46 
              INTRODUCTION ........................................................................................... 48 
              MATERIALS AND METHODS ..................................................................... 52 
              RESULTS ........................................................................................................ 63 
              DISCUSSION .................................................................................................. 72 
              CONCLUSION ................................................................................................ 78 
            
 
APPENDICES ............................................................................................................... 80 
           
              A:      Information on 26 individual bands cut from MS-AFLP ...................... 81 
             B:       Colony selection for sequencing ........................................................... 82 
             C:       Clonal ID‘s for sequencing.................................................................... 83 
             D:      Protocol for scoring methylation bands ................................................. 84 
             E:       Cobra-like protein genome DNA sequence ........................................... 85 
             F:       VQ Motif genome DNA sequence......................................................... 87 
             G:      Phytoceramidase genomic CAN sequence ............................................. 88 
             H:      DNA helicase DUFF-protein superfamily insert sequence .................... 89 
             I:        COBRA-like protein gel pictures .......................................................... 90 
 
REFERENCES .............................................................................................................. 91 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 viii   
 
LIST OF TABLES 
 
Table                                                                                                                               Page 
 
2.1     MS-AFLP sample time points and sample names .............................................. 54 
2.2     Primers and adaptors used in MS-AFLP ............................................................. 58 
2.3     Bands counted from visual analysis of MS-AFLP radiograph ........................... 65 
2.4     MS-AFLP sequenced band information.............................................................. 70 
2.5     Types of methylation bands scored ..................................................................... 73 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 ix   
LIST OF FIGURES 
 
Figure                                                                                                                             Page 
 
1.1     DNA methylation ................................................................................................ 11 
1.2     Hemimethylated and fully methylated DNA ...................................................... 14 
2.1     An example of a MS-AFLP ................................................................................ 56 
2.2     An example of differential methylation between HC and LC samples .............. 64 
2.3     Mean & weighted average statistical analysis from MS-AFLP bands ............... 65 
2.4     COBRA- like protein MS-AFLP bands and sequences ...................................... 66 
2.5     VQ motif MS-AFLP bands and sequence    ........................................................ 67 
2.6     Phytoceramidase & DNA helicase repair bands and sequences ......................... 68 
2.7     Locations of MS-AFLP sequences on Prunus linkage map ............................... 69 
 
 
 
 
 
    
 
 
 
 
1 
 
 
 
 
 
 
 
CHAPTER ONE 
LITERATURE REVIEW 
Chilling Requirement for Bud Break in Temperate Trees 
 Most temperate fruit trees need durations of low-temperature exposure to be 
released from endo-dormancy, termed the chilling requirement (Hammer and Jackson 
1975). The amount of exposure required varies between species, also within the same tree 
species (Arora et al. 2003).  This winter chilling is essential for producing economically 
viable yields in temperate fruit and nut trees (Luedeling et al. 2011).  Chilling 
requirement (CR) reflects long term climatic adaptation of genotypes from various 
regions and limits the geographic distribution of these genotypes based on the region‘s 
climate (Sherman and Beckman 2003).   
Genotypes with a lower chilling (LC) requirement bloom earlier and are 
susceptible to frost damage in the latter part of winter or early spring.  Chilling 
requirement (CR) helps to protect the tree from initiating early growth due to temporary 
warm temperatures that could result in damage from subsequent frosts (Hammer and 
Jackson 1975; Cannell and Smith 1986; Faust 1989).  Genotypes with high-chilling (HC) 
requirement in warmer climates may not receive enough chilling hours, which would 
result in irregular or absent floral and vegetative bud break (Petri and Berenhauser 2004).  
This lack of chilling fulfillment would result in poor fruit set or no fruit, thus seriously 
affecting the productivity of the yearly crop (Cesaraccio et al. 2004; Topp et al. 2008).   
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 Due to the limited knowledge of biochemical or physiological mechanisms that 
control dormancy, CR, and temperature sensitivity, models designed to measure chilling 
accumulation have been developed empirically.  These models were built to fit the 
responses (usually bloom date) of the trees to local climatic conditions, and predict the 
duration of chilling at the designated effective temperate that has occurred.  These models 
either use chilling hours or chilling units (Cessaraccio et al. 2004).  The two main chilling 
hour models are the < 7.2°C (Weinberger, 1950) and the 0-7.2°C model (Eggert, 1951).  
The < 7.2°C model is the simplest model and counts the number of hours that the 
temperature falls below 7.2°C. This model is still commonly used in the south-east 
regions.  The 0-7.2°C  model is similar to the <7.2°C model except that it does not count 
temperatures that are below freezing as some studies have suggested that temperatures 
below freezing do not contribute to winter chill accumulation (Bennett, 1949).  These 
models do not provide a mechanism for accounting for chilling requirement fulfilled at 
higher temperatures.  Between the models, there is still inconclusive evidence as to what 
temperature ranges are effective at satisfying chilling requirement and the chilling 
requirement mechanism is still poorly understood.  
The chill unit models use both chill days (units for chilling), and non-chill days 
(units for heating).  The chill unit model is similar to the chilling hour model but assigns 
different weights to different ranges of temperature (Luedling et al. 2009).  In the Utah 
model (Richardson et al. 1974), if a tree receives a period of high temperature above the 
models designated chill range, these hours of warm would count as negative chill units.  
These negative chill units are thought to reverse the chilling effects obtained from the 
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lower temperature (Cesaraccio et al. 2004).  Chill unit models are popular for use in 
temperate regions. 
The Dynamic model (Fishman et al. 1987; Erez et al. 1988) determines chilling in 
two stages.  The first stage produces the formation of an intermediate product produced 
from cold exposure.  This first stage is reversible if there is a rise in temperature.  During 
the second stage, once a certain quantity of intermediate product is formed, dormancy is 
irreversible and not affected by short warming periods.  The Dynamic model assumes a 
biochemical basis for endo-dormancy release and accounts for the negative effect of high 
temperatures (Leudling et al. 2009).  This model is commonly used in warm-winter- 
regions such as Israel and Chile. 
Careful consideration must be taken when deciding what model to use for which 
region.  A study by Leudling et al. (2009) used three different models in one growing 
region to predict the mean chill decline that would occur from gradually warming 
winters.  The models each returned different chilling hour results.  The effectiveness of 
these chilling models is debatable when temperatures deviate from historical patterns 
(Leudling et al. 2009). 
 The importance of chilling requirement and endo-dormancy in fruit tree 
production has encouraged breeders to select breeding lines that match the phenological 
chilling requirement trait of the trees to the environment of the region.  Having 
germplasm that exhibits a range of genetic variation in the chilling requirement trait, 
allows optimal production based on the temperate regions in which the trees are being 
grown.  
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Climate Impact on Temperate Tree Species Production and Development 
The Intergovernmental Panel on Climate Change (Fourth Assessment Report 
Climate Change, 2007) projects that there will be a negative impact on the yield and 
success of important crops and natural ecosystems caused by global warming (for review 
IFPRI report, 2009). Climate changes are predicted to have a significant impact on the 
fruit and nut industry because these species require a period of chilling and warming 
winter temperatures could cause a loss of $ 93 billion in the United States alone 
(FAOSTAT 2009). 
 Current effects of climate change have included plants flowering and leafing out 
earlier than in seasons past.  Studies from 405 plant species in the UK, over a 250-year 
index of first flowering dates, show that leafing out occurred 2.2-12.7 days earlier in the 
last 25 years (Amano et al. 2010).  Recent studies of six dominant European tree species 
have also confirmed an average lengthening of the growing season and an earlier leaf 
emergence of approximately 11 days beginning in the early 19
th
 century and continuing 
to the end of the 20
th
 century (Mensel and Fabian, 1999; Vitasse et al. 2010).  The effects 
from gradually warming winters to winter chill have been recently analyzed for 
California, Germany and Oman (Baldocchi and Wong, 2008; Luedeling et al. 2009; 
Luedeling et al. 2009b).  Luedeling et al. (2011) predicts a severe decline in the amount 
of chilling that can be expected at current growing locations over the next century.  
 Prunus species are among the affected trees and in the period (1981-2005), early 
flowering and leafing has been observed in 17 closely related species (Miller-Rushing et 
al. 2007).  This premature development in crop species increases the likelihood of frost 
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damage due to possible late spring freezes.  Additionally, due to flowering occurring 
earlier than pollinator activity, poor pollination may occur and negatively impact 
germination and development.  The timing of growth cessation could also be impacted by 
climate changes and could potentially lead to an increase in susceptibility to fall freeze 
damage (Tanino et al. 2010). 
 Fruit tree species that grow in northern regions could be negatively impacted by 
warmer winters (Luedeling et al. 2009), as the accumulation of cold during winter is a 
characteristic that defines fruit tree production and is vital to development and fruit 
production. The decline in winter chill may result in a change in the suitable growing 
regions for many crop trees and current cultivars would become unsuitable for growth in 
the regions where they currently produce (Luedeling et al. 2011).  Trees with a higher 
chilling requirement growing in regions with decreasing chilling would cease to produce 
fruit as their chilling requirement could not be met. 
Growth Cycles and Dormancy Phases in Temperate Tree Species 
 
 Deciduous tree species, including peach, have an annual growth cycle that must 
be completed for proper development.  During this annual cycle, fruit tree production and 
survival can be critically impacted by freezing temperatures.  Avoidance of frost damage 
is achieved by enclosing the meristems in buds.  Formation of bud scales surround the 
leaf primordia (Rhode et al. 2002) and cold hardiness (cold acclimation) is initiated 
(Arora et al. 2000).  Plants can acclimate to cold conditions rapidly when responding to 
low, non-freezing temperatures.  This acclimation allows the trees to develop the ability 
to survive potentially damaging temperatures. 
 
 
6 
 
Cold acclimation is induced by lowering temperatures and/or short days (SD).  
Species vary in the extent of cold acclimation they can obtain.  Peach growth cessation 
and dormancy are predominantly induced by SD and enhanced by low temperature (LT) 
(Heide 2008).  Plants acclimate by increasing cold hardiness, which results in the plants 
ability to survive through freezing temperatures (Chen et al. 1994).  Cold hardiness of a 
plant is measured by the temperature that is lethal to 50% of the selected population 
(LT50) (Prášil et al. 1994, 1989, 2004).   Once temperatures begin to increase the plants 
de-acclimate.   This de-acclimation is the reduction of the obtained hardiness levels 
(Kalberer et al. 2006).  The plant can re-acclimate if unfavorable temperatures return and 
de-acclimation can occur actively or passively.  Active de-acclimation occurs in response 
to a substantial increase in favorable environmental conditions.  Passive de-acclimation 
occurs when a fully acclimated plant is exposed to small, moderate increases in 
temperatures for durations of time (Leinonen et al. 1997; Kalberer et al. 2006).  When a 
plant is in a non-endodormant state, favorable, warm temperatures can lead directly or 
indirectly to irreversible de-acclimation (Leinonen et al. 1997).   
Trees enter a dormant state when sensing various environmental factors, such as 
reduced photoperiod, low temperatures, or moisture stress (Prassinos et al. 2011).  
Cessation of apical growth, due to SD, cold temperatures and drought, is the first step 
leading to bud dormancy and cold hardiness in trees (Olsen, J. 2010; Rohde and Bhalerao 
2007). Once growth has ended a dormant stage is progressively established.  During 
dormancy, there is an inability to resume growth as the meristem cells do not respond to 
growth promoting signals (Rohde and Bhalerao 2007).  Dormant tissue has very low or 
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absent rates of cell division (Ramas et al. 2005).  This reduced cell division activity 
causes a temporary suspension of visible growth in plant structures containing meristems 
(buds, seeds, and bulbs).  Plasmodesmatal channels enable communication between cell 
walls. Signals to stop growth arrive at the shoot apex and the plasmodesmatal within the 
shoot apical meristem (SAM) become obstructed.  This blocking of plasmodesmatal 
connections may contribute to dormancy (Rinne and Schoot 2003).   
 Three categories of dormancy have been described, differing in the proximate 
source of the growth inhibition: eco-dormancy, endo-dormancy, and para-dormancy, 
(Lang et al. 1987; Arora et al. 2000; Horvath et al. 2003).  During para-dormancy, there 
is an inhibition of growth due to morphogenic factors from distal organs (Rohde and 
Bhalerao, 2007).  Buds will not grow during this period due to the transport of inhibitors 
from the leaves and apical buds to meristem cells.  Apical dominance is maintained and 
prevents axillary bud growth (Rohde and Bhalerao, 2007).  
Eco-dormancy occurs when external stimuli such as day length, temperature and 
moisture are unsuitable for overall growth metabolism (Lang, 1987).  The plant will stay 
in this stage until favorable environmental conditions, such as long days (LD) and 
warming temperatures occur.   
Endo-dormancy (true dormancy) occurs during the winter months and is induced 
by conditions such as cold temperature along with nutrient and water deficiencies.  Endo-
dormancy overlaps with para and eco-dormancy, and species vary in their timing to each 
dormancy stage.  The buds come to the height of their cold hardiness during endo-
dormancy.  During this period, the meristem will not resume growth even under ideal 
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growth conditions.  Dehydration resistance and cold hardiness genes were shown to be 
up-regulated to protect the buds from winter conditions (Ko et al. 2010).   An increase of 
protective proteins such as dehydrins, heat shock proteins and peroxidases is also evident 
as a response to LT and SD (Muthalif et al. 1994; Bassett et al. 2009).  The 
concentrations of the involved inhibitors declines as the buds are exposed to chilling 
temperatures.   Understanding the mechanisms involved in dormancy will allow for a 
better ability to select genotypes that are economically important for growth in new 
locations (Bielenberg 2011). 
Quantitative Trait Loci Associated with Chilling Requirement and Bud Set 
In peach [Prunus persica (L.) Batsch], there have been Quantitative Trait Loci 
(QTL) regions associated with chilling requirement for dormancy release and bloom date 
detected in overlapping regions on various linkage groups  (Fan et al. 2010).  Linkage 
groups (LG) refer to all of the genes on a single chromosome.  Candidate genes related to 
chill and bloom time have been successfully mapped and sequenced in peach (Bielenberg 
et al. 2008; Fan et al. 2010).  Work by Olukolu et al. (2009) found twelve QTL on six 
linkage groups that are involved in chilling requirement.  Chilling QTL found by Fan et 
al. (2010) have been under further investigation, and preliminary mapping data suggest 
that two Polycomb repressor complexes 1&2 (PRC1, PRC2) are potential players during 
dormancy.  (Zhebentyayeva, T., unpublished data).  PRC1 and PRC2 are part of the 
polycomb-group proteins (PcG) and are transcriptional repressors that are involved in 
epigenetic chromatin-mediated DNA silencing (Bouyer et al. 2011).  The PcG proteins 
are conserved in plants and form an epigenetic memory system controlling gene 
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expression during development (Henning and Derkacheva, 2009).  This memory system 
can be reversible depending on the developmental stage of the plant. 
Based on current research in various woody plant systems such as peach, poplar, 
grape, raspberry and others (Fan et al. 2010; Rohde et al. 2010; Fennel et al. 2005; 
Mazzitelli et al. 2007; Tuskan et al. 2006; Somyong et al. 2011), it appears there is 
variability in the expression of genes during dormancy.  The results of the QTL analysis 
suggest that components of chromatin remodeling, and DNA methylation may be playing 
a role in chilling requirement and dormancy release.  Further research investigating the 
epigenetic processes involved during the onset, progression and exit from endo-dormancy 
is necessary before conclusions may be drawn.  
Gene Expression and Epigenetic Control 
During development, gene expressions patterns help determine differentiation of 
cells. This process allows information to be inherited that is not necessarily encoded by 
the DNA sequence and has been labeled ―epigenetic information‖ (Waterland 2006; 
Gibney and Nolan 2010).  Another definition of epigenetics has been given by the US 
National Institute of Health (2009): ―epigenetics refers to both heritable changes in gene 
activity and expression (in the progeny of cells or of individuals) and also stable, long-
term, alterations in the transcriptional potential of a cell that are not necessarily 
heritable.‖  Epigenetic modifications, such as DNA methylation and chromatin 
remodeling can influence the expression of underlying genes and histones (Chen et al. 
2010).    
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 The mechanisms of epigenetic regulation contribute to changes in gene 
expression, not from changes originating in the primary DNA sequence. These changes 
may be specific to an organism and also to a particular tissue or even cell types and can 
be influenced by external stimuli (Bernstein et al. 2006).   Three main epigenetic 
processes that modulate the chromatin environment in plants include 1) cytosine 
methylation 2) post-translational modification of histone proteins and 3) RNA-based 
mechanisms (Schmitz and Zhang, 2011).   
DNA Methylation in Plants 
 Cytosine DNA methylation is a conserved form of stable epigenetic information 
that is critical for diversity. Biological processes such as imprinting and gene and 
transposon silencing are influenced by DNA methylation (Greenberg et al. 2011; Bird 
2002, Law and Jacobsen 2010).   The majority of DNA methylation occurs in relatively 
small areas of the genome, such as areas that contain retrotransposons, transposons and 
centromeric repeats (Furner and Matzke 201; Zhang et al. 2006, Rabinowicz et al. 2003).  
DNA methylation is a stable epigenetic modification and the effect can be heritable for 
multiple generations, persisting through meiotic and mitotic cell division (Probst et al. 
2009; He et al. 2011; Martienssen et al. 2005; Chan et al. 2005; Mirouze and Paszkowski 
2011).   
 DNA cytosine methylation occurs in the somatic cells of plants as they have an 
absence of a germline (Walbot and Evans 2003).  This allows methylation in the somatic 
cells to potentially be transmitted to the next generation. One example of this is the 
hypermethylation of the SUPERMAN gene in Arabidopsis that remains stable across 
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many generations (Jacobsen and Meyerowitz 1997).  There is evidence of a genome-wide 
de-methylation in plant endosperm, but not in the embryo.  This shows there are 
differences between epigenetic regulation in embryonic and extra-embryonic lineages. 
(Feng et al. 2010; Jacobson and Meyerowitz 1997).  
 The typical response to DNA methylation in the genome is the repression of 
nearby genes (Bird et al. 2002).  This down-regulation is accomplished by blocking the 
binding of transcription factors which represses transcription.  However, there have been 
instances of DNA methylation increasing the expression of a gene.  This can be caused 
by the methylation of a repressor site preventing the binding of repressor or enhancer 
transcription factors (Pai et al. 2011). 
 DNA methylation consists of the addition of a methyl group to a cystine base at 
the 5' position of the pyrimidine ring of cytosine forming methyldeoxycytosine (Figure 
2.1) (Finnegan and Kovack 2000).   DNA methyltransferases are transfer enzymes that 
transfer methyl groups to DNA and use a reactive methyl group bound to sulfur as the 
methyl donor. 
 
                                                                         
Figure 1.1 DNA cytosine methylation 
Methyltransferase enzymes catalyze 
deoxycytosine methylation by transferring a 
methyl group from S-adenosylmethionine 
(SAM) to the 5‘ position of deoxycytosine 
(Gibney and Nolan 2010). 
MET1, 
CMT3, 
or 
RdDM 
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Three different types of methyltransferases help in the methylation process in 
plants.  1) Methyltransferase 1 (MET1) maintains methylation at CG sites (Mathieu et al. 
2011; Chan et al. 2005).  MET1 is thought to act at the DNA replication forks, using 
newly replicated hemi-methylated DNA (Mirouze and Paszkowski 2011).  2) 
Chromomethylase 3 (CMT3), which is a plant specific DNA methyltransferase, maintains 
methylation at CNG sites and is directed largely by the dimethylation of histone 3 at 
lysine 9 (H3K9me2).  3) CNN methylation is guided by small-interfering  RNAs                                            
(siRNAs) in a RNA-directed DNA methylation process (Mirouze and Paszkowski 2011).  
The RNA-Directed DNA Methylation (RdDM) pathway guides DOMAINS 
REAARRANGED METHYLTRANSFERASE 2 (DRM2) to target sites for methylation 
(Law and Jacobsen 2010; Bauer and Fischer 2011).  
Methylation in higher plants has been shown to play a significant role in 
regulating gene expression (Rossi et al. 1997; Meyer et al. 1994). The promoter regions 
of the genes being silenced are more heavily methylated than promoters of transcribed 
regions (Finnegan et al. 1993; Pikaard et al. 1999).   Differences in the degree of cytosine 
methylation have been observed in different tissue types among the same species 
(Messeguer et al. 1991; Lund et al.. 1995; Dhar et al. 1990).  DNA methylation has been 
shown to be lower in immature developing tissue than mature tissue in tomato 
(Messeguer et al. 1991) and rice (Sha et al. 2005).  When maize roots are exposed to 
cold, methylation decreases (Steward et al. 2002). 
During development, plants receive external cues that trigger interactions between 
signaling pathways and developmental programs that converge at the chromatin level 
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(Reyes-Rosa and Gruissem, 2002; Valledor et al. 2007).  These external cues can cause 
genetic and cytosine methylation polymorphisms in a population.  Field studies in 
dandelion, mangrove trees and orchid species, show cytosine methylation polymorphisms 
among similar genotypes were greater than nucleotide variation. Also, patterns of 
cytosine methylation polymorphisms clustered with the distribution of the phenotypes in 
the population (Richards 2011).  DNA damage, drought, and varying salinity condition 
all alter the DNA methylation polymorphism. Mediators of biotic defenses (such as 
salicylic acid) cause changes in cytosine methylation and create possible inherited 
methylation polymorphisms (Mason et al. 2008; Verhoeven et al. 2010; Wada et al. 
2004). 
Two ways epigenetic mechanisms can change a plants phenotype is through 
heritability or through dynamic changes in the methylation pattern responding to 
environmental stresses.  DNA methylation patterns can be maintained across generations 
or dynamically change during development of an individual (Law et al. 2011).  
Phenotypic plasticity induced by epigenetic mechanisms, such as DNA methylation, can 
contribute to long term adaptation of the population or short term acclimation of the 
individual to the environment (Mirouze and Paszkowski, 2011). 
 Plants have a complex DNA methylation system that includes methylation  
occurring not only in a symmetric CG context as seen in mammals, but at any cytosine 
base: CNG context (where N= A,T, or C), and asymmetrically in a CNN context (Figure 
1.2) (Cao and Jacobson 2002; Henderson and Jacobson 2007).  The symmetrical nature 
of 5'CG3' and 5'CNG3' allows methylation to be copied during DNA replication (Figure 
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1.2).  Maintenance of symmetrical CpG methylation is required for epigenetic inheritance 
to occur during plant gametogenesis (Saze 2003). 
 
                                                                                                      
Figure 1.2 Symmetric and asymmetric DNA 
methylation A) After DNA replication of 
methylated cytosines in the symmetric 
context (CG or CNG), the daughter strands 
are hemimethylated and CG methylation 
can be maintained. B) DNA replication of 
methylated cytosines in an asymmetric 
context (CNN) does not copy the DNA 
methylation after replication and has to be 
established following each DNA replication 
cycle and a chromatin or RNA signal is 
necessary to maintain methylation. 
(Simon et al. 2005)  
 
 
 
DNA De-methylation in Plants 
 DNA de-methylation in plants can occur passively or actively. Passive de-
methylation in plants is caused by a loss of methyltransferase activity which does not 
allow DNA methylation to be maintained after replication (Saze 2003).  More 
specifically, the absence of MET1 product seems to induce a rapid loss of genomic 
methylation.  The methylated cytosine is replaced by an unmethylated cytosine during 
replication. 
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Active de-methylation in plants requires the action of a glycosylases that 
recognizes the 5-methylcytosine site and enzymatically removes the 5-methylcytosine 
using the excision repair pathway, replacing it with a cytosine (Morales-Ruiz et al. 2006).  
This allows de-methylation to occur without the need of replication (Furner and Matzke 
2011).   
Methods for Studying DNA Methylation 
Plant cytosine methylation patterns can be studied at the global level of the 
genome or at specific genomic loci (Riddle and Richards, 2002).  Three common types of 
methods used for genome wide methylation include whole genome bisulfite sequencing 
(BS-SEQ (Henderson et al. 2010; Gonzolgo and Jones 1997), chromatin 
immunoprecipitation (ChIP) assays (Schmitz et al. 2011), and Methylation Sensitive- 
Amplified Fragment Length Polymorphism MS-AFLP (Xiong et al.., 1999).  MS-AFLP 
will be the focus of this discussion.  
MS-AFLP is a modified Amplified Fragment Length Polymorphism (AFLP) that 
involves digestion of DNA with restriction enzymes which differ in their methylation 
sensitivity (Schmitz et al. 2011).   For example, the isoschizomers HpaII and MspI differ 
in cytosine methylation sensitivity at their recognition sequence 5‘-CCGG-3‘ (Vongs, 
1993; Liu and Gong 2011; Reyna-Lopez et al.1997; Portis et al. 2004).  The recognition 
sequence is recognized by both enzymes; however, the methylation state of the external 
and internal cytosine residues affect whether they will cut the methylated site (Portis et 
al. 2004; Korch and Hablom 1986; McClelland et al. 1994).  
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DNA Methylation During dormancy in Vegetative Buds 
Previous studies in chestnut (Santamaria et al. 2009) showed a difference in the 
methylation status between apical (located at the apex of the stem) and intermediate 
lateral (below the apical bud) vegetative buds during different time points through winter 
dormancy.  Six different stages were evaluated with the first three during spring and the 
other three time-periods during the fall while bud set was occurring.  The methylation 
was differential depending not only on the position of the bud on the tree, but also the 
time of year (Santamaria et al. 2009).  Between the apical and lateral buds at all time 
points, the apical buds had the lowest amount of methylation occurring at the end of 
spring during bud burst. The intermediate lateral buds had the lowest level of methylation 
at the beginning of bud set in the fall.  This showed a dynamic global methylation pattern 
in different tissues at different times in the same tree.  Their results also indicated that 
apical buds entered and exited dormancy earlier than the lateral buds (Santamaria et al. 
2009).  
Vernalization in Annual Plants as a Model for the Mechanism of CR 
Vernalization in annual plants is a prolonged exposure to cold that promotes 
flowering (Amasino, R. 2004).   A few examples of annual plants that require 
vernalization are Arabidopsis, wheat and other cereals. Longer days, as well as cold 
temperatures, are necessary for these annuals to go into a reproductive state. Chouard 
(1960) defined vernalization as being ―the acquisition or acceleration of the ability to 
flower by a chilling treatment.‖  In Arabidopsis, there has been significant progress in 
understanding the molecular physiology of the variation of flowering time in response to 
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environmental conditions (Wilczek et al. 2010).  The floral pathway integrator (FLC) in 
Arabidopsis is down-regulated by vernalization.  This vernalization is initiated by the 
Vernalization Insensitive (VIN3) gene and maintained by VRN1 and VRN2 (Amasino, 
2004).  Once vernalization is acquired in a plant, it is remembered by the plant, 
suggesting epigenetics may be involved (Henderson et al. 2004).  
Comparable progress has also been made in understanding flowering time 
variation in wheat and temperate cereals with similar photoperiods and vernalization 
responses (2009 for review).  VRN1, VRN2, and VRN3 have also been found in wheat and 
three major QTL mapped controlling variation in the developmental process were 
associated with genes regulating flowering time in Arabidopsis (Chen et al. 2010).  
Understanding the genetic mechanisms and networks controlling endo-dormancy 
and chilling requirement in perennial tree species by utilizing previous genomic 
knowledge from Arabidopsis, wheat and other annuals provides insight into possible 
strategic breeding techniques furthering successful production of agricultural crop 
species.  
Recent work in peach suggests that various components of the vernalization 
network may be involved in the CR pathway. There is no evidence in peach for a 
functional ortholog for FLC. This suggests that endodormancy in peach may involve 
other networks (such as the DAM genes, Bielenberg et al. 2004). 
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Molecular Control of Dormancy and Chilling Requirement in Peach 
Previous studies of MADS-box genes have shown their involvement during endo-
dormancy induction and release, as they are up-regulated during induction and down-
regulated during release.  MADS- box genes such as Flowering Locus F (FLF) in 
Arabidopsis have been shown to be controlled by vernalization and methylation (Sheldon 
et al. 1999). Bielenberg et al. (2008) had identified six StMADS11-clade MADS-box 
genes as being possible candidate genes involved in the terminal bud formation in peach. 
These six genes are known as DORMANCY-ASSOCIATED MADS (DAM) genes. A peach 
genotype known as ‗Evergrowing‘ was identified in southern Mexico. This mutant fails 
to cease growth and enter a dormant state.  It was discovered that there is a deletion of 
four out of six of the DAM genes, and these PpDAM genes have been initially identified 
as candidate genes in peach for growth cessation and terminal bud formation (Bielenberg 
et al. 2004; Bielenberg et al. 2008). 
  Seasonal studies have been done on the expression of the DAM genes during 
various time points before, during and after dormancy. Results indicate that the 
StMADS11-clade MADS-box genes are indeed possible candidates for internal control of 
endo-dormancy in plants (Yamane et al. 2008).   Li et al. (2009) showed that PpDAM1, 
PpDAM2, and PpDAM4 were possibly involved in terminal bud formation, and Horvath 
et al. (2008) showed that during endo-dormancy induction the involvement of DAM 
homologues EeDAM1 and EeDAM2 in Euphorbia esula were present.  Using QTL 
analysis, the PpDAM5 and PpDAM6 loci are thought to be associated with the chilling 
requirement and blooming date of peach (Fan et al. 2010). This may suggest that 
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PpDAM5 and PpDAM6 are players in regulation of chilling requirement and/or bloom 
date in peach lateral buds.  Expression levels of PpDAM5 and PpDAM6 in shoot tips had 
a negative correlation with the time required for bud break in forcing conditions (Jimenez 
et al. 2010).  There has also been reported a putative homologue of PpDAM6 in Japanese 
Apricot (PmDAM6) that showed endo-dormancy associated expression in lateral buds 
(Yamane et al. 2008).  However, a later study by Yamane et al. (2011), using trees with 
different chilling requirements and focusing on PpDAM5 and PpDAM6 as likely 
candidates for lateral bud endo-dormancy release (Fan et al. 2010; Jimenez et al. 2010)  
showed these two genes not only act in endo-dormant buds but also in eco-dormant buds.  
This contradicts the idea that PpDAM5 and PpDAM6 were acting as internal inhibitors 
specifically present in endodormant buds or shows that they work differently in another 
species. 
 
Project Overview 
 The major objective of this research is to provide preliminary data to determine if 
there are DNA methylation differences between high and low chill peach trees.  This 
study focused on dynamic differential global methylation patterns between peach trees 
having different chilling requirements in intermediate lateral vegetative buds collected 
through-out dormancy.   Methylation-sensitive amplified polymorphism (MS-AFLP); a 
modified AFLP technique was utilized using isoschizomers HpaII and MspI for detecting 
DNA methylation. 
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Specific Objectives of the Project 
1) To determine if there were methylation differences between a HC and a LC 
individual at time points throughout dormancy from a global methylation screen 
using MS-AFLP. 
2) To determine if any of the differentially methylated sites were related to 
mapped QTL regions involved in chilling requirement during dormancy through 
cloning of selected AFLP bands. 
3) To determine which regions of the genome contained differential methylation 
and what possible genes were involved if the bands of interest did not fall in the 
QTL regions involved in chilling requirement.  
With completion of these objectives, the following results are presented in 
this thesis: 
1) We determined that there is evidence of differences in DNA methylation 
between buds sampled from two trees that differ in chilling requirement. 
2) The cloned sequences were fragments of a COBRA-like protein, a VQ Motif, a 
region 200 bp upstream from a Phytoceramidase, and a region 10 bp downstream 
of a DNA helicase repair protein (DEAD_2) from the DUF 1227 super-family. 
3) Two of the cloned AFLP bands were located in CR QTL located on linkage 
group 1 (LG1).  Two other cloned sequences were found immediately outside 
QTL regions on LG1 and LG8. 
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CHAPTER TWO 
 
ANALYSIS OF DNA METHYLATION DIFFERENECES BETWEEN HIGH AND 
LOW CHILL PEACH [Prunus persica (L. Batsch)] TREES 
 
Summary 
 Chilling requirement is a critically important phenological trait controlling the 
efficacy of vegetative and floral blooming in fruiting trees of the Rosaceae. However, 
little is known about the genes or the regulatory networks that govern this trait.  Recent 
work in other plant systems suggests that epigenetic mechanisms may play a significant 
role in influencing temperature modulated plant developmental responses (e.g. 
modulation of Flowering Locus C (FLC) gene activity in Arabidopsis). Additionally, 
analysis of chilling requirement QTL from peach and apricot detected a number of genes 
known to modulate DNA and histone methylation pathways in plant and animal species.  
For this reason, we chose to examine the DNA from vegetative buds of overwintering 
peach trees for changes in methylation status and to determine if there were differences in 
the methylation pattern changes between a high chill (HC) and low chill (LC) genotypes.   
A methylation sensitive amplified fragment length polymorphism (AFLP) 
technique was used to examine cytosine methylation status of vegetative bud DNA. 
Vegetative bud tissue samples from pre-chilled and progressively chilled HC and LC 
individuals of peach were tested. Differences in anonymous CCGG regions of the 
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genome were detected using isoschizomer restriction endonucleases (MspI and HpaII), 
which are sensitive to methylation.  
AFLP results showed multiple time points where methylation patterns differ 
between LC and HC vegetative bud samples.  The total number of bands produced 
between the HC and LC samples was not significantly different. However, fully 
methylated banding patterns were present in higher quantity in HC individuals.  
Re-amplified AFLP bands were cloned and sequenced to examine the nature of 
the sequences undergoing methylation changes during the dormancy period and to locate 
them on the peach genome.  From this analysis we obtained four different sequences that 
appear to undergo differential changes in methylation during dormancy.  These are 1) a 
portion of the coding sequence of a COBRA-like gene, 2) a portion of an unknown gene 
containing aVQ Motif, 3) a sequence ~ 200bp upstream of a phytoceramidase gene and 
4) a sequence 10 bp downstream of a DNA repair helicase (DEAD_2)  in the DUF 1227 
super-family.  Of these four sequences, one was in a chilling QTL in LG1 and other was 
in a bloom date QTL in LG1.  The other two were adjacent to chilling QTLs in LG1 and 
LG8. 
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Introduction 
Changing environmental conditions such as drought and temperature can 
adversely affect plant growth and production.  Plants are sessile and acclimation or long 
term adaptations must be acquired for continued survival.  Plant signaling transduction 
pathways perceive and transmit environmental cues.  The pathways turn on specific 
transcription factors leading to the activation of genes that allow adaptation to 
environmental stresses (Mirouze and Paszkowski 2011; Madlung et al. 2004; Jimenez et 
al. 2010; Santamaria et al, 2009; Bielenberg et al, 2011; Li et al, 2009).   
A deficit in the accumulation of cold during the winter is a significant factor that 
affects plants survival in temperate trees.  Winter chill is a defining characteristic of fruit 
tree production worldwide.  Chilling requirement is a quantitative accumulation of cold 
exposure that impacts the ability of many temperate plants to flower.  Tree species, 
grown in various regions, have acquired chilling requirement as a long term climatic 
adaption (Fan et al. 2010; Sherman and Beckman, 2003).  Chilling requirements are met 
when chilling hours near freezing temperatures accumulate in sufficient quantity 
providing competency to buds for the breaking of dormancy and flowering (Fan et al. 
2010; Jimenez et al. 2010).  Insufficient satisfaction of chilling hours early can severely 
impact crop production. This in turn can impact the climatic distribution of cultivars, as 
certain cultivars would only be able to grow in regions with appropriate chilling. 
Genotypes having a low chilling requirement that bloom early in cold regions would 
suffer late frost damage (Scorza and Okie, 1990, Werner et al. 1988; Gu et al. 2008).  
Conversely, genotypes with a high chill requirement that do not receive enough chilling 
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would suffer from irregular bud break and poor fruit set (Topp et al. 2008; Fan et al. 
2010).  
Bud dormancy and release are complex, gradual processes.  Induction and 
maintenance of dormancy occurs from exogenous and endogenous factors such as 
photoperiod, temperature, nutrition availability, phytohormones, phytochromes and 
others (Arora et al. 1996, 2003, Jimenez et al. 2010 a, b).   Para-, eco- and endodormant 
states are controlled by the activation or inactivation of gene expression programs.  
Hormonal and environmental signals cause the activation or inactivation of these genes 
during dormancy induction (Lang et al. 1987).   
There is significant evidence that genetic control is involved during dormancy. 
Two perennial woody plants have been identified that do not enter dormancy when under 
dormancy inducing conditions, Coryluls avellana L. (Thompson et al. 1985) and Prunus 
persica (L.)  Batsch (Rodriguez et al. 1994; Bielenberg et al. 2004).  Evergrowing (EVG) 
is a mutant in peach trees.  Trees with this mutant continue to grow and do not enter 
dormancy even under SD conditions (Bielenberg et al. 2004). The mapped EVG region 
may contain possible candidate genes for regulating terminal bud formation (Bielenberg 
et al. 2008, 2010; Li et al. 2009; Jimenez et al. 2009, 2010).   Other studies in peach have 
revealed a group of MADS-box transcription factors designated as dormancy-associated 
MAD-box (DAM) genes. Vegetative and floral peach buds in controlled and field 
experiments were tested for varying DAM gene expression (Li et al. 2009; Bielenberg et 
al. 2008; Jimenez et al. 2009).   
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 Tree breeding lines abilities to rapidly adapt to altered climatic conditions is 
significantly hampered (Mirouze and Paszkowski 2011).  This is due in part to long 
juvenility periods, poorly funded breeding programs and lack of knowledge of the 
genetics of phenological characters such as chilling requirement and dormancy.   Based 
on current research in various woody plant systems such as peach, poplar, grape, 
raspberry and others (Fan et al. 2010; Rohde et al. 2010; Fennel et al. 2005; Mazzitelli et 
al. 2007; Tuskan et al. 2006; Somyong et al. 2011), it appears there is variability in the 
expression of genes during dormancy.  The results of the QTL analysis suggest that 
components of chromatin remodeling, and DNA methylation may be playing a role in 
chilling requirement and dormancy release (Bouyer et al. 2011; Fan et al. 2010). 
Understanding the epigenetic mechanisms involved in dormancy and chill accumulation 
could provide new breeding strategies such as marker selected breeding.  
Epigenetic modifications can contribute to short term acclimation in plants 
(Santamaria et al. 2004; Mirouze and Paszkowski 2011).  Although these epigenetic 
marks do not modify the primary DNA sequence, their effects can be heritable for several 
generations (Mirouze and Paszkowski 2011; Angers et al. 2010; Johannes et al. 2009; 
Mathieu et al. 2007) . These epigenetic modifications can continue through multiple cell 
divisions (Probst et al. 2009, He et al. 2011; Mirouze and Paszkowski 2011).  The 
involvement of epigenetic modifications to produce heritable phenotypic traits is not well 
understood and is in need of further study (Mirouze and Paszkowski 2011).   
Cytosine DNA methylation is a conserved epigenetic mechanism that can be 
found in all vertebrates and flowering plants,  many bacterial species, some fungal 
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species, invertebrates and protest taxa (Goll and Bestor 2005). Methylation in higher 
plants has been shown to play a significant role in regulating gene expression (Rossi et al. 
1997; Meyer et al. 1994; Finnegan et al. 1993; Pikaard et al. 1999).  Differences in the 
degree of cytosine methylation have been observed in different tissue types among the 
same species (Messeguer et al. 1991; Lund et al. 1995; Dhar et al. 1990).  
Plants have a complex DNA methylation system that occurs not only at CG 
dinucleotides, but also at cytosine bases with sequence patterns CNG and CNN (where 
N= A, T, or C), (Cao and Jacobsen 2002; Henderson et al. 2010; Mirouze and 
Paszkowski 2011).  Plant methylation most often occurs in transposons, various repeats 
and transgenes targeted for silencing (Mirouze and Paszlowski 2011,  Zhang et al. 2006, 
Rabinowicz et al. 2003).  DNA methylation functions to preserve the plant‘s genome by 
suppressing the activity of these transposons (Martienssen et al. 2005; Chan et al. 2005; 
Mirouze et al. 2009).  
A potential link between decreases in DNA methylation during dormancy release 
and vegetative bud growth was described in over-wintering chestnut buds (Valledor et al. 
2007).  Another study in chestnut (Santamaria et al. 2009) showed a difference in the 
methylation status between apical and intermediate lateral vegetative buds during 
dormancy.  The methylation status differed in bud location, and also in the time of year 
(Santamaria et al. 2009).  Studies in azalea validated the role of global DNA methylation 
during floral transition (Meijon et al. 2009).  This same group showed that both DNA 
methylation and H4 deacetylation affect the transition from vegetative to reproduction 
stages of development in floral buds (Meijon et al. 2010). 
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This present study focused on methylation differences in vegetative lateral peach 
buds between a HC and a LC individual at time points throughout.  Methylation-sensitive 
amplified fragment length polymorphism (MS-AFLP) was utilized using isoschizomers 
for detecting DNA methylation.   
 
Materials & Methods 
Phenotyping and Determination of chilling hour requirement 
Phenotyping to establish a trees chilling requirement includes exposing the 
branches to cold temperature, cutting samples at different time points, and moving the 
samples to a controlled, warm environment for a set time. The samples are then scored at 
set time frames for floral bud break (Gibson & Reighard, 2002). The selection of trees for 
this study was based on the chilling requirement determined from a previous study by 
Fan et al. (2010).  To determine how many chilling hours had been accumulated in the 
field, average temperatures were collected continuously in 10 minute intervals by 
temperature data loggers placed in the canopy of the experimental trees starting at the 
beginning of  October when air temperatures began to drop below 7.2°C, and ending after 
flowering at the end of March.  Using the <7.2°C model that had previously been used by 
Fan et al., (2010) for previous years collection, the number of hours of chilling that fell 
below 7.2°C was calculated.  Once the chilling hours were at 300 hrs., the branches for 
each genotype were cut at approximate intervals of 100 hrs. until 1200 hrs. was reached. 
The branch cuttings were brought to the greenhouse and freshly cut under water before 
being placed into a 1% ―Floralife‖ (Fresh Flower Food) solution (Floralife, Inc., 
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Walterboro, SC, USA).  The Clemson University greenhouse temperature was kept at a 
constant 25°C with a 16 hour photoperiod to help force floral bud break.  After one week, 
all of the branches were freshly cut under water again and placed in fresh 1% ―Floralife‖ 
solution.  The floral bud break was evaluated on all of the branches by recording which 
branches broke bud and which had not after being in the greenhouse for fourteen days. 
For any genotype, the chilling requirement was recorded as having been met when 50% 
of the floral buds had opened at a sampling time for three consecutive cuttings (Fan et al. 
2010).  
Plant Material 
The F2 population used consists of 378 different genotypes that were developed at 
the ARS-USDA, Southern Fruit and Tree Nut Research Lab (Byron, GA, USA).  Two 
peach genotypes, one with a HC requirement, and one with a LC requirement were 
crossed producing a F1 hybrid (BY016245) which was selfed (Fan et al. 2010). This F2 
population segregates for various traits that include chilling requirement, bloom date and 
the qualitative ripening date and non-showy/showy flower traits.   
Vegetative and floral intermediate lateral bud samples were collected from two 
trees in the F2 population (Contender x Fla.92-2C), located at Clemson University Musser 
Fruit Research Center (Seneca, SC, USA) that contains 378 different genotypes as 
previously described above.  Lateral vegetative and floral buds were collected from the 
HC tree number 318 and the LC tree number 209, beginning winter 2009 through spring 
2010.  Time points used in this study were: pre-chill, 50 hrs, 250 hrs, 400 hrs, 780 hrs, 
and 1200 hrs (Table 2.1).  The genotype had three clonal propagates grown in fields in 
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close proximity.  Three branches from each of the three clonal propagates were collected. 
After collection of the branches, the floral and vegetative buds were individually excised 
from the branch and immediately flash frozen in liquid nitrogen then stored at -80°C. 
 
 
Table 2.1 MS-AFLP sample time points and sample names 
 
Replicate 1     Replicate 2 
Time-point Tree sample
*
   Time-point Tree sample
*
     
pre-chill 2V1    pre-chill 2V2 
pre-chill   3V1    pre-chill 3V2 
50 hr  2V1    50 hr  2V2 
50 hr  3V1    50 hr  3V2 
250 hr  2V1    250 hr   2V2 
250 hr  3V1    250 hr  3V2 
400 hr  2V1    400 hr  2V2 
400 hr  3V1    400 hr  3V2 
780 hr  2V1    780 hr  2V2 
780 hr  3V1    780 hr  3V2 
1200 hr  2V1    1200 hr  2V2 
1200 hr  3V1    1200 hr  3V2  
           
*Tree samples numbering:  The first number represents which tree the sample was taken from (2V2);  
either the high chill genotype (318) or the low chill genotype (209).  The middle letter represents  
vegetative buds.  The last number represents which replicate the sample was from (2V2). 
 
 
DNA and RNA extraction 
RNA extraction was performed as outlined in Meisel et al. (2005) with some 
modification to extract DNA from the same sample since the amount of tissue was 
limited, as only three branches with buds were collected.  The extraction protocol was 
modified as follows: after the addition of 10 M LiCl, the samples were incubated 
overnight at 4°C. RNA was pelleted, and instead of discarding the supernatant, it was 
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kept for DNA extraction following the chloroform: isoamyl-alcohol (24:1) extraction 
procedure as outlined by Eldreadge et al. (1992).  DNA and RNA quality and quantity 
was checked by running a 1% agarose gel with TBE and with the Nano-drop (2000c) 
RNA-40 setting (A260 reading of 1.0 = ~40.0 µg/mL RNA).  
MS-AFLP (Methylation Sensitive Amplification Fragment Length Polymorphism assay) 
The original AFLP technique (Vos et al. 1995) was modified by incorporating the 
methylation sensitive restriction isoschizomer enzymes HpaII and MspI in place of MseI 
as ‗frequent cutter‘ enzymes. The structure of the EcoRI-adapter and basic primer remain 
the same whether standard AFLP or methylation sensitive AFLP is performed (Xiong et 
al. 1999; Vos et al. 1995).  Adapters for other 'rare cutter' isoschizomer enzymes, referred 
to as the HpaII-MspI adapter were designed, as described by Xiong et al. (1999), by 
annealing the oligonucleotides 5‘-GATCATGAGTCCTGCT-3‘ and 3‘-
AGTACTCAGGACG AGC- 5‘, with a 5‘ GA and GC overhang.   
The HpaII/MspI primer sequences (HM+0) were designed 5‘-ATCATGAGT 
CCTGCTCGG-3‘, and primers with four selective nucleotides for EcoRI ends (E+1-E+4) 
and three selective nucleotides for the HpaII-MspI ends (HM+1-HM+3) were used (Table 
2.2) (Xiong et al.., 1999; Portis et al.., 2004).  All of the adapter and primer 
oligonucleotides were synthesized by Invitrogen.  
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Figure 2.1 An example of a MS-AFLP.  Digestion by either EcoRI/HpaII or EcoRI/MspI cleaves genomic DNA at 
CCGG sites based on the methylation status of the internal or external cytosine.  The EcoRI is the same as standard 
AFLP.  The HpaII-MspI adapter was designed by annealing the oligonucleotides 5‘-GATCATGAGTCCTGCT-3‘ and 
3‘-AGTACTCAGGACG AGC- 5‘, with a 5‘ GA and GC overhang.  Pre-amplification and selective amplification was 
done with EcoRI and HpaII/MspI designed primers (Table 2.2). 
       EcoRI Adapter              +  Restriction fragment  +          MspI-HpaII Adapter 
CTCGTAGACTGCGTACC  AATT                                   C     GATCATGAGTCCTGCT 
         CTGACGCATGGTTAA     G                                       GGC AGTACTCAGGACGAGC 
 
                                       Template DNA for AFLP amplification  
        CTCGTAGACTGCGTACCAATT                    CGATCATGAGTCCTGCT 
                  CTGACGCATGGTTAAG                    GGCAGTACTCAGGACGAGC 
 
                                                 Genomic DNA      +      EcoRI/HpaII or EcoRI/MspI 
 
    HpaII                                                                              MspI 
 
       Not digested                       Digested                                      Digested                          Not digested 
                                                    
5'mCCGG     5'CmCGG          5'mCCGG       5'CmCGG                      5'CmCGG      5'CmCGG           5'mCCGG        5'mCCGG 
     GGCCm   5'G GCmC5'                  GGCC5'          G GCC5'                                   G GCmC5'         G GCC5'                        GGCCm5'           GGCC 
Methylation of both                hemimethylated                       methylation of                      methylation of  
      DNA strands                             DNA                                       internal C                              external C 
 
 
                                             EcoRI cleavage      Restriction fragments     MspI-HpaII cleavage 
                             AATT                                          C 
                                                                         G                                          GGC 
 
 
                                            Pre-amplification EcoRI+N/HpaII/MspI+N 
                                                                                                              HpaII-MspI primer+1 
                                                                                                T+GGCTCGTCCTGAGTACTA-5' 
              CTCGTAGACTGCGTACCAATTC                               CCGATCATGAGTCCTGCT 
                          CTGACGCATGGTTAAG                                GGCAGTACTCAGGACGAGC 
                           5'-GACTGCGTACCAATTC+A 
                                           EcoRI primer +1 
 
                                 Selective amplification (EcoRI+NNN and HpaII/MspI+NNN) 
                                  EcoRI primer +3                                     HpaII-MspI primer +3 
                    5'-GACTGCGTACCAATTC+NNN            5'-ATCATGAGTCCTGCTCGG+NNN 
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Adapter Solution 
The EcoRI (E-adapter) and HpaII/MspI (HM-adapter) adapter sequences were 
prepared for use by mixing 100 pmol E-top and 100 pmol E-bottom with 10 µl Buffer 4 
(New England Bio Labs, Bevery MA, USA) and 10 µl H2O.  The same was done with 
the HM-top and HM-bottom sequences.  Samples were incubated at 80°C for 5 min then 
cooled at room temperature.  The concentration of 40 pmol per µl was kept for the HM-
adapter, but the E-adapter was diluted to 4 pmol per µl.  
Digestion and Ligation 
DNA samples from six different time points from both the HC and LC trees 
(Table 2.1) were used for digestion with the isoschizomer restriction enzymes HpaII and 
MspI.  In the first set of digests, 250 ng of genomic DNA was added to 1µl of 10x 
restriction buffer 1, 2.5 U EcoRI, 2.5 U HpaII (New England BioLabs. Beverly, MA, 
USA), 0.10 BSA and H20 up to 10 µl.  Samples were incubated at 37°C for 3 hrs. and the 
enzymes heat inactivated at 70°C for 15 min. The second set of digests was done in the 
same manner, except MspI and restriction buffer 4 was used instead of HpaII and 
restriction buffer 1.  1.0% TBE agarose (Seakem LE) gel was used to run 4 µl of digested 
product + 1 µl ddH2O + 1ul 6x loading buffer to confirm complete digestion with a 100-
600 bp smear.  
Following a modified protocol (digestion and ligation performed separately) from 
Portis et al.. (2004), the HpaII-MspI and EcoRI double stranded adapters were ligated to 
the digested fragments by adding to each 10ul restriction digest 10 µl of the ligation 
master mix: 6.15 µl H2O, 1.0 µl Ligase 10x buffer, 5 pmol EcoRI adapter, 50 pmol 
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HpaII/MspI adapter, and 133 U of T4-ligase (Promega, Madison WI, USA).  The ligation 
mixture was incubated overnight at 4°C then diluted 1:10 in TE (1mM Tris-HCl, 0.1 mM 
EDTA, pH 8) for PCR amplification.  
Pre-amplification and selective amplification of ligated digests 
Selective amplification of EcoRI-MspI and EcoRI-HpaII was done by two 
consecutive PCRs.  For the first PCR, designed pre-amplification primers will be 
complementary to the adapter sequence and the residual restriction site sequence. Pre-
amplification PCR used 2.5 µl of ligation (1:10), added to a 17.5 µl mixture giving a final 
concentration of 10 mM Tris-HCl pH 8.3, 50 mM KCl, 1.5 mM MgCl2, 2.5 mM of 
dNTP‘s, 40 ng of EcoRI and HpaII/MspI adapter-directed primer, each with a single 
selective base (E+1; HM+1) (Table 2.2), and 1 U Taq polymerase (Promega, Madison, 
Wi.).  PCR was performed with (BioRad, 1994 DNA Engine Thermal Cycler) for: 20 
cycles at 94°C for 30s (denaturing), 56°C for 60s (annealing) and 72°C for 60s 
(extension) (Portis et al.., 2004).  Samples were run on a 1.0% Seakem LE agarose gel in 
1x TBE along with control samples of diluted ligation.  Pre-amplification of the ligated 
digests was run on a 1.5 agarose gel to determine if a 100-600 bp smear was detected. 
1:30 dilution was done on the pre-amplification product in 0.1x TE.  
Selective amplifications of the diluted pre-amplification was done using 12 primer 
pair combinations of three HpaII/MspI primers combined with four EcoRI primers with 
three selective bases each (E+3, HM+3) (Portis et al.., 2004) (Table 2.2).  Primer labeling 
master mix was prepared for each sample: 0.09ul E+3, 0.025ul T4 Kinase 10x buffer, 
0.075 µl H2O, 0.01ul T4 kinase, 0.05 gamma P33-ATP.  Both E+3 and HM+3 were 
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labeled and combined with PCR master mix 5.37ul H2O, 1.0ul 5x gotaq buffer, 0.8ul 
dNTPs, 0.05ul go Taq Polymerase and 2.5ul Pre-amplification 1:30.  The following PCR 
profile was followed: 94ºC for 30s, 65ºC for 30s, and 72 º C for 60s then for 23 cycles: 
94ºC for 30s, 56ºC for 30s and 72ºC for 60s; lowering the initial annealing temperature 
0.7ºC each cycle for 12 cycles.  
 
Table 2.2 Primers and Adapters used in MS-AFLP  
__________________________________________________________________ 
Primers/adapters                                                 Sequence (5‘-3‘) 
__________________________________________________________________  
EcoRI ADAPTER   5‘-CTCGTAGACTGCGTACC-3‘ 
                 3‘-CATCTGACGCATGGTTAA-5‘ 
 
E+1 primer    GACTGCGTACCAATTC+A 
(Pre-selective amplification) 
 
E+3 primers    GACTGCGTACCAATTC+AAC (E1) 
(Selective amplification)  GACTGCGTACCAATTC+ACG (E2) 
     GACTGCGTACCAATTC+ACT (E3) 
     GACTGCGTACCAATTC+AGT (E4) 
 
HpaII/MspI ADAPTER               5‘-GATCATGAGTCCTGCT-3‘ 
     3‘-AGTACTCAGGACGAGC-5‘ 
 
HM+1 primer    ATCATGAGTCCTGCTCGG+T 
(Pre-selective amplification) 
 
HM+3 primer    ATCATGAGTCCTGCTCGG+TAA (HM1) 
(Selective amplification)  ATCATGAGTCCTGCTCGG+TCC (HM2) 
     ATCATGAGTCCTGCTCGG+TTC (HM3) 
Portis et al.., 2004 
 
 Final PCR products were combined with 15µl formamide dye (98% formamide, 
10 mM EDTA, 0.01% w/v bromophenol blue and 0.01% w/v xylene cyanol), denatured 
at 95ºC for 5 min and separated by electrophoresis on a 6% polyacrylamide gel (6% 
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acrylamide, 7M Urea) in 1x TBE buffer.  Gels were warmed for 30 min at 110W before 
loading 4ul of the PCR mix.  Gels ran for ~2.0 h at 80W, were then transferred to 
Whatman paper, dried and placed on Kodak (cat. 165 1512) film and left for 7 days 
before being developed.  
Reproducibility was checked by performing the same experiment on a second set 
of replicate of samples (Table 2.1) and comparing the results on the developed film from 
200-800 bp.  
Scoring, isolation and re-amplification of AFLP bands 
All of the developed AFLP films were scored visually.  AFLP gels that had been 
dried on Whatman paper were placed onto film and marked to enable identification of 
film placement.  Bands to be cut were marked with needles and excised using a razor 
blade.  When using bands for downstream processes, only confirmed bands from both 
replications were excised for use. Twenty-six bands were cut from the dried gels 
(Appendix. A).   Each band was placed in an individually labeled tube, and 100ul dH2O 
was added and the tube was allowed to stand for 10 minutes at room temperature.  Tubes 
were placed on a hotplate at 96°C for 10 minutes and then centrifuged for 2 minutes at 
13000 rpm.  5 µl of re-suspended DNA was used and prepped for regular AFLP-PCR but 
20 µM dNTP used instead of 2 µM.  PCR was done at 30 cycles of 94°C for 30 seconds, 
56°C for 60 seconds, and 72°C for 60 seconds.  
Cloning and sequencing 
Ligation was done using DNA from the re-amplified fragments and the pGEM-T 
Easy Vector System I (Promega, Madison, WI).  A 1:3 ratio of vector to insert was used 
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and ligation reactions were set up as outlined by the pGEM-T Easy protocol.  
Transformation was done using DH5α competent cells obtained from Dr. V. Decroocq 
and following the pGEM-T Easy protocol.  100ul of each transformation culture was 
plated onto LB/ampicillin/IPTG/X-Gal plates and a 1:10 dilution with SOC for the 
control plates. Plates were incubated overnight at 37°C and white colonies selected for 
sequencing (Appendix. B). Three or more independent plasmids were sequenced for each 
AFLP.  
Colony PCR using the primers SP6 and T7 was done on selected colonies before 
being sent out for sequencing to confirm the presence of an insert.  Colony PCR was 
done using 10x PCR buffer, 25 mM MgCl2, 10 mM dNTPs, 20 µM SP6, 20 µM T7, 1ul 
Taq polymerase and brought to 50 µl volume with dH2O.  PCR was run at 95°C for 5min, 
30 cycles at (95°C for 1 min., 54°C for 1.5 min., 72°C for 1 min.) and 72°C for 5 min.    
The first replicate of clones were prepared for sequencing and sequenced by Clemson 
University Genomic Institute (CUGI).  The second set of replicates (Appendix. C) was 
prepared by taking each clone and placing it in the designated sample well of a 96 well 
plate containing LB+15 % glycerol.  CUGI finished sample preparation and sequencing 
(sample preparation: http://www.genome.clemson.edu/resources/protocols/sample_prep).  
Sequence analysis 
Sequences obtained from CUGI were analyzed using FinchTV 1.4.0.  Sequences 
were trimmed and vector sequences eliminated using NCBI Vec Screen.  A Nucleotide- 
nucleotide Basic Local Alignment Search Tool (BLASTn) (Altschul et al.., 1990) search 
was performed on the sequences against Prunus persica in Phytozome v5.0, and the GDR 
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databases (www.phytozome.net; www.rosaceae.org).  BLASTn was also used for 
sequences with recognized gene regions for comparison with Arabidopsis thaliana.  
Confirmation of sequence results 
Confirmation that the sequenced inserts were from Prunus persica was done by 
designing primers for the inserts and for the entire gene of interest.  A vegetative genomic 
DNA sample from the HC trees (318) was used to test all of the primers ability to amplify 
the targeted region in Prunus persica using standard PCR protocol.  The insert primers 
were also amplified to confirm expression with cDNA.  
RNA treatment 
Ambion Turbo DNA-free was used for treating the total aliquot of RNA by using 
0.1 volume of 10x DNase I buffer (2.0 µl), 1.0 µl of DNASE, and incubating for 37°C for 
30 minutes.  2 µl of DNase inactivation reagent was added to each sample and incubated 
for 5 minutes at room temperature.  Samples were centrifuged at 10,000g for 5 minutes 
and supernatant removed to a fresh tube.  
cDNA synthesis 
2.5 μg of total RNA was reverse transcribed using an oligo (dT20) as a primer with 
SuperScript III first strand synthesis system for reverse transcriptase (RT)-PCR 
(Invitrogen).  1.5ug total RNA combined with 1ul 50mM oligo (dT), 1ul 10mM dNTP, 
and up to 10ul DEPC-water were added to each tube then incubated at 65°C for 5 
minutes and iced for 1 minute.  2ul 10x RT Buffer, 4ul 25 mM MgCl2, 2ul 0.1M DTT, 
1ul RNase out (400U/µl), 1ul SSIII RT (200U/µl) was combined and added to each RNA 
sample.  The sample tubes were mixed gently and briefly centrifuged and incubated for 
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50 minutes at 50°C and 5 minutes at 85°C then chilled on ice. 1ul RNaseH was added to 
each RNA sample tube and incubated 20 minutes at 37°C.  
Confirmation of methylation 
Primers designed to confirm the sequence results were used to amplify the same 
DNA used in the original AFLP analysis.  All of the primer sequences were synthesized 
by Invitrogen (Appendix D).  The DNA from the various time points was digested with 
the restriction enzymes HpaII and MspI for 3 hrs. at 37°C.  PCR was done with insert and 
whole gene primers, and the samples ran on agarose gel to confirm the presence of 
methylation or absence of methylation.  
EST analysis 
 The four sequences previously described under analysis, were analyzed for 
expression using the GDR websites NCBI Prunus EST database (www.rosaceae.org).  
 
RESULTS 
AFLP analysis 
DNA methylation profiles were generated for peach genomic DNA extracted 
from vegetative buds of sibling trees.  Four of the twelve primer sets produced distinctly 
different methylation patterns between HC and LC samples (Figure 2.2).  One primer set 
was monomorphic and methylation differences were not seen between high and LC 
genotypes (HC and LC) with the other primer sets.  
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Figure 2.2 An example of differential methylation between HC and LC samples 
With each AFLP combination, there are four lanes which correspond to two different sources of genomic 
DNA (HC or LC); each restricted with one of the two pairs of enzymes EcoRI/HpaII and EcoRI/MspI. 
Bands on this gel are amplified digested fragments from the Eco2/HM1 (EcoRI+ACG/HpaII-MspI+TAA) 
primer combination.  Genomic DNA was restricted with either EcoRI/HpaII (HpaII; lane 1 & 2) or 
EcoRI/MspI (MspI; lane 3 & 4). Low chill individuals (L) are in lanes 1 & 3, and high chill individuals (H) 
lane 2 & 4.  Type I bands (++++), type IIa (+++-), type IIb (++-+), type IIIa (+-++), type IV (-+++) (Table 
2.5). 
  
The total number of bands counted between the HC and LC samples was not 
significantly different; however, the fully methylated banding pattern was present in 
higher quantity in HC individuals.  Forty-nine percent of the total numbers of bands were 
for LC samples, and 51% were from HC samples and 49% of the bands present were 
HpaII and 51% MspI bands.  The total number of bands that were HC and caused by full 
methylation was 51% while only 24% of the LC bands was caused by full methylation.  
14% of the HC bands were caused by hemi-methylation, and 11% of the LC bands were 
hemi-methylated (Table 2.3, Figure 2.3). 
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Table 2.3   Bands counted from visual analysis of MS-AFLP radiographs 
Primer set Total # of bands # of high chill # of low chill # of HpaII # of MspI pre-chill 
EcoRI1/HpaII-MspI1 989 492 497 453 536 189 
EcoRI1/HpaII-MspI2 1207 608 598 626 580 197 
EcoRI1/HpaII-MspI3 867 449 418 384 483 149 
EcoRI2/HpaII-MspI1 871 445 426 416 374 145 
EcoRI2/HpaII-MspI2 750 372 378 360 390 125 
EcoRI2/HpaII-MspI3 793 415 393 411 382 128 
EcoRI3/HpaII-MspI1 1086 561 525 510 576 189 
EcoRI3/HpaII-MspI2 980 514 466 431 549 163 
EcoRI3/HpaII-MspI3 798 409 389 396 402 119 
EcoRI4/HpaII-MspI1 853 427 426 448 384 149 
EcoRI4/HpaII-MspI2 840 420 420 420 420 140 
EcoRI4/HpaII-MspI3 830 417 413 404 426 137 
 10864 5529 5349 5259 5502 1830 
 
 
Figure 2.3  Mean and weighted average statistical analysis from MS-AFLP bands 
 
 
Cloning and Sequencing 
Eight of the twenty six AFLP bands cloned produced sequences found to be in 
known gene regions, or within 200 bp near gene regions and differed at specific time 
points in methylation status between HC and LC samples. Primers EcoRI3/HpaII-MspI1 
identified part of a sequence inside a COBRA-like protein superfamily (ppa002775) on 
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(LG1). These bands were fully methylated at pre-chill and 780 hrs for HC and 1200 hrs 
for LC samples (Figures 2.4).  There was no methylation at any of the other time points 
for either the low or high chill.  The location of this sequence is above a chilling QTL in 
LG1 at 9.494 Mb on the peach physical map. 
   
 
 
Figure 2.4 COBRA-like protein MS-AFLP bands and sequences A) MS-AFLP bands: E3/HM2 
(EcoRI+ACT/HpaII-MspI+TCC) primer combination.  Full methylation at 780 hrs. for high chill and full 
methylation at 1200 hrs. for low chill and B) Sequence results: MS-AFLP band which is found on LG 1 
(152 bp); coding for a COBRA like protein.  GDR location: 1: 9494595-9494722 
 
Primers EcoRI2/HpaII-MspI and EcoRI1/HpaII-MspI1 identified part of a 
sequence in a conserved VQ motif (ppa02088) in LG 1.  These bands were fully 
methylated at all-time points for HC samples, and at 1200 hrs. for the LC samples (Figure 
2.5).  The low chill samples were not methylated at any other time points. The location of 
this sequence in in a chilling and bloom date QTL on LG1 at 44.806 on the peach 
physical map.  
 
B. 
A 
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Figure 2.5   VQ Motif MS-AFLP bands and sequences from AFLP. A) MS-AFLP bands: E3/HM1 
(EcoRI+ACT/HpaII-MspI+TAA) primer combination.  Full methylation at all time points for high chill and 
full methylation at 1200 hrs. for low chill.  .B) Sequence results: MS-AFLP band which is found on LG 1 
(386 bp); coding for a VQ motif.  GDR location: 1:44806642-44807005 
 
Two different sequences from the EcoRI1/HpaII-MspI1 primer sets were found in 
an intronic region 10 bp downstream of a DEAD_2 super-family protein domain 
(ppa025860), in the DUF1227 super family in LG 8.   DEAD_2 protein is a conserved 
region within a number of RAD3-like DNA-binding helicases, and the DUF 1227 domain 
represents a conserved region with-in a number of DNA repair helicases.  The bands 
were fully methylated at 1200 hrs. and 50 hrs. for the high samples (Figure 2.6).  There 
was no methylation at any other time points for either of the samples.  The location of 
this sequence is 2.5 Mb from a chilling requirement QTL in LG8 at 20.431 on the peach 
physical map.  
Primer set EcoRI1/HpaII-MspI1 identified a sequence 200 bp upstream from a 
phytoceramidase gene (ppa025860) in LG 1.  This band was fully methylated in the LC 
sample at 1200 hrs. (Figure 2.6).  There was no methylation at any of the other time 
A. 
B. 
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points in either of the samples. The location of this sequence is in a bloom date QTL in 
LG1 at 26.959 Mb on the peach physical map. 
 
 
 
 
Figure 2.6  Phytoceramidase and DNA helicase repair MS-AFLP bands and sequences.  A) MS-AFLP 
bands: E1/HM1 (EcoRI+AAC/HpaII-MspI+TAA) primer combination.  Full methylation at 1200 hrs. for 
high chill (top box) and full methylation at 1200 hrs. for low chill (lower box).  AFLP bands for 
sequencing taken from 1200 hrs., B) Sequence results: AFLP band (top row) which is found on LG 1 
(341 bp), coding for a phytoceramidase gene. GDR location: 1:26959288-26959531, and C) Sequence 
results: AFLP band (bottom row) which is found on LG 8 (360 bp); coding for a DNA repair helicase 
(DEAD_2).  GDR location: 8:20431375-20431745 
 
 After determining the location of the sequences they were compared with 
mapped QTL regions to determine what QTL they might be associated with (Figure 2.7, 
Table 2.4). 
 
B. 
C. 
A. 
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Figure 2.7 Locations of AFLP sequences on Prunus linkage map 
COBRA-like protein: LG1, 9.494 Mb; above bloom date and chilling requirement QTL 
Phytoceramidase: LG1, 26.959 Mb; inside bloom date QTL; flanking marker CPPCT29 
VQ Motif: LG1, 44.806 Mb inside chilling (EVG) QTL  
DNA Helicase Repair: LG8, 20.431; 2.5 Mb outside chilling requirement QTL; flanking marker PacC13 
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Table 2.4 AFLP Sequenced band information 
                  
Primer 
set/band  
Chilling 
hrs 
Band 
Status 
Linkage 
Group 
QTL association Gene Result Map location Gene ppa EST 
E1HM1               
G 1200 full 
methyl 
8 chilling DNA helicase 
repair 
20.43 Mb ppa001835 N 
J 50 full 
methyl 
8 chilling DNA helicase 
repair 
20.43 Mb ppa001835 N 
L 780 full 
methyl 
          
M 1200 full 
methyl 
1 bloom date Phytoceramidase 26.95 Mb ppa025860 N 
E3HM1               
A 50 full 
methyl 
1 chilling VQ motif 44.8 Mb ppa020088 Y 
E3HM2               
A 1200 full 
methyl 
1  COBRA 9.49 Mb ppa002775 Y 
 
 
 
Confirmation of methylation 
Using the primers described (Appendix D) the follow sequences were confirmed 
for their presence in peach and that methylation was occurring.   
COBRA Insert 
 The insert starts with a CCGG site and the designed forward primer comes 
slightly after this (Appendix E).  There is a GGCC recognition sequences in the middle of 
the insert, and bands were present at all of the HpaII sites and all of the MspI sites except 
for a low sample at 780 hrs. (with MspI enzyme).  AFLP results showed no methylation 
at 780 hrs., but there are other time points also not methylated.   Amplification of the 
entire gene showed no bands except at 250 hrs. for both HpaII and MspI (Appendix I).    
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VQ Motif Insert 
 The insert starts with a GGCC site and the forward primer comes slightly after 
this (Appendix  F).  There is a GGCC recognition sequence inside the insert and in the 
reverse primer area.  Results show the low sample at 780 hrs. having no band and all 
other time periods with bands.  The AFLP shows no methylation at this time point, but 
other time points also show no methylation.   Amplification of the entire gene showed no 
bands except for the control. 
Phytoceramidase Insert 
The inserts location is ~200 bp upstream of the phytoceramidase gene but has no 
CCGG or GGCC sites (Appendix G).  Every time point had bands, and amplification of 
the entire gene showed no bands.  
DNA helicase Insert 
This insert does not start out with a potential methylation recognition sequence 
but does have a CCGG site inside of the insert region (Appendix H).  There were bands at 
all-time points except for HC at 250 hrs. (with MspI).  The AFLP results at this time 
point show no methylation, but other time points also show no methylation.  The internal 
recognition sequence seems to be methylated at most time points. 
EST analysis 
The four gene sequences previously described under analysis, were looked at for 
expression using the GDR websites NCBI Prunus EST database (www.rosaceae.org).  
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The COBRA gene and VQ motif were shown to be expressed.  The phytoceramidase and 
DNA helicase repair were not shown to be expressed. 
 
DISCUSSION 
 Our modified AFLP method provided a valuable tool allowing the analysis of 
DNA methylation in fruit trees.  The previously improved standard AFLP is maintained 
except for substituting the MseI adapter and primer with the novel HpaII/MspI adapter 
and primer.  HpaII does not cut if one or both cytosines are fully methylated (both 
strands) but cleaves if the sequence CCGG is hemimethylated (one strand methylated) 
(Portis et al.., 2004).   MspI does not cut if the external cytosine is fully or hemi-
methylated (McClelland et al.., 1994).  Using this technique with the restriction 
isoschizomer pair allows for full methylation of the internal cytosines and hemi-
methylation of the external cytosines at the 5‘-CCGG-3‘ sites to be unequivocally 
distinguished.  However, use of HpaII and MspI does not allow distinction of all 5‘-
CCGG-3‘ sites as full methylation of both cytosine sites or hemi-methylation of the 
internal cytosine cannot be distinguished (Xu et al.., 2000; Portis et al.., 2004) (Figure 
2.1).  
For this study, the amplification conditions were modified, and only the Eco-
RI/HpaII or EcoRI/MspI fragments could be amplified as the HpaII/MspI primer 
annealing temperature was lower than the Eco-RI annealing temperature (Xu et al.., 
2000; Portis et al.., 2004).  The MspI-MspI or HpaII-HpaII fragments have an inverted 
repeat at the end as they are only amplified by one primer and a stem-loop structure is 
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likely to form and compete with primer annealing (Portis et al.., 2004).  Therefore, this 
modification produces the following three classes of fragments (i) both DNA strands are 
fully methylated at the internal cytosine HpaII/MspI  recognition site (tetranucleotide 5‘-
CCGG-3‘), and MspI cuts but HpaII does not, producing a fragment in the amplified 
product generated from the EcoRI/MspI digest; (ii) the external cytosine of the 
HpaII/MspI recognition site is hemi-methylated (single-strand), MspI does not cut but 
HpaII does cut resulting in the appearance of a fragment in the amplified product from 
the EcoRI/HpaII  digest; (iii) and the recognition site is unmethylated or hemi-methylated 
at the internal cytosine and both MspI and HpaII cut the DNA. When full methylation 
occurs at the external or both the external and internal cytosines no fragment will be 
produced by either MspI or HpaII (Portis et al.., 2004.). 
 
Table 2.5 Types of Methylation Bands Scored 
_____________________________________________________________________________ 
Types  Methylation status Enzyme restriction pattern from digestion 
     HpaII  MspI  H(l)H(h)       M(l)M(h) 
______________________________________________________________________________ 
Type I  CCGGGGCC    R                        NR  +   +        +   + 
Type IIa CCGGGGCC    R                        NR              +    +                  +   - 
Type IIb CCGGGGCC    R                        NR              +    +  -   + 
Type IIIa CCGGGGCC    R                        NR  +    -                  +   + 
Type IIIb CCGGGGCC    R                        NR              -     +                +   + 
______________________________________________________________________________ 
Methylation sensitivity and restriction pattern of isoschizomers. 
H=EcoRI/HpaII; M=EcoRI/MspI; l=low chill; h=high chill 
R= recognized 
NR= not recognized 
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For scoring the AFLP films, the following guideline was used (Table 2.5):  
1) Type I bands are present in lanes, indicating inner methylation of single-stranded 
DNA or no methylation.  
2) Type IIa bands are present for HpaII high chill but absent for MspI high chill, 
indicating outer methylation of single-stranded DNA and hemi-methylation at the 
outer cytosine nucleotide in the CCGG sequence.   
3) Type IIb bands are present for HpaII low chill but absent for MspI  low chill, 
indicating outer methylation of single-stranded DNA and hemi-methylation at the 
outer cytosine nucleotide in the CCGG sequence.  
4) Type IIIa bands are present for MspI high chill but absent for HpaII  high chill, 
indicating inner methylation of double-stranded DNA and full methylation of the 
CCGG sequence.   
5) Type IIIb bands are present for MspI low chill but absent for HpaII low chill, 
indicating inner methylation of double-stranded DNA and full methylation of the 
CCGG sequence. 
 
The AFLP results show that there are numerous occasions where the methylation 
pattern is different between LC and HC vegetative bud samples.  The total number of 
bands counted between the HC and LC samples was not significantly different. However, 
the fully methylated banding pattern was present in higher proportion in HC individuals.  
49% of the total numbers of bands were for LC samples, and 51% were from HC samples 
and 49% of the bands present were HpaII and 51% MspI bands.  The total number of 
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bands that were HC and caused by full methylation was 51% while only 24% of the LC 
bands was caused by full methylation.  14% of the HC bands were caused by hemi-
methylation, and 11% of the LC bands were hemi-methylated (Table 2.3, Figure 2.3).  
Re-amplified AFLP bands were cloned and sequenced to determine their location 
in the peach genome.  This global scan identified differential methylation that was 
occurring in a conserved VQ motif in LG 1, a COBRA like protein in LG 1, an upstream 
region from a phytoceramidase gene in LG 1 and a region downstream from a DNA 
helicase repair gene in LG 8.  Many of the other clones had inserts of the correct length 
according to the AFLP band, but when blasted, only small regions of the inserts were 
detected, usually ranging in size from 18-21 base pairs.  The second replicate produced 
the same sequence results.  Interestingly, many of these small fragments showed up in 
gene regions involved in dormancy (such as evergrowing region) which could be due to 
PCR error, genome assembly error, or portions of the genome that have not been 
annotated.   
There are twelve annotated COBRA like proteins in Arabidopsis thaliana, acting 
as glycosylphosphatidylinisotol (GPI)-anchors. GPI-anchors are glycolipids that can 
attach to the C-terminus of a protein during post-translational modification.  Some 
members of this COBRA family are involved in cell wall expansion and cellulose 
deposition (Aguero et al., 2008; Schindelman et al.., 2001; Roudier et al.., 2002; Li et al.., 
2003).  A comparative EST transcript profiling study in peach showed that one COBRA 
like gene in peach changes expression levels when cold stored and was differentially 
expressed between juicy and wooly fruit (Gonzalez-Aguero et al.., 2008).  PCR with the 
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methylation sensitive enzymes confirmed methylation at some time points.  Bands were 
present at all of the HpaII sites and all of the MspI sites except for a LC sample at 780 
hrs. with the MspI enzyme.  This indicated that the internal GGCC located inside the 
clones sequence was methylated.  The AFLP results showed no methylation at 780hrs for 
the low chill sample, but there is other time points also not methylated (Appendix. I).   
Amplification of the entire gene showed no bands except at 250 hrs. for both HpaII and 
MspI.  EST analysis using the GDR NCBI Prunus EST database found positive 
expression for the COBRA-like protein found from this study (Table 2.4). 
The VQ motif identified is within protein family PF05678, which a conserved 
motif shared by the plant-specific protein family MKS1 (MAP kinase 4 substrate 1) 
(Andreasson et al.., 2005).  This is a short conserved motif: FXhVQChTG, where X is 
any amino acid and h is a hydrophobic amino acid.  The motif found in LG1 in peach 
was: FKSLVQRFTS.  Plant specific VQ motifs are found in about 35 predicted 
Arabidopsis proteins (Andreasson et al. 2005).  Work by Xie et al. (2008) looks at a SIB1 
protein that is a member of a large plant-specific VQ motif-containing protein family, 
thought to be involved in defense signaling.  Xie et al. (2008) also suggested that the 
recognition sequence for this motif be changed to FXXXVQXXTG as there are generally 
three residues between the F and VQ residues and VQ is not often followed by a C 
residue. PCR with the methylation sensitive enzymes confirmed methylation at some 
time points. Results show the LC at 780 hrs. had no band while all other time periods had 
bands.  The AFLP shows no methylation at this time point, but other time points also 
show no methylation.  Since there are no CCGG sites located within the insert regions, 
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the absence or presence of bands could not indicate methylation but only that the insert 
was present in Prunus.  Amplification of the full gene region had no bands except for the 
control.  This is expected unless the CCGG region in the reverse primer was methylated 
along with all the other CCGG sites in the gene. EST analysis using the GDR NCBI 
Prunus EST database found positive express for the VQ motif found from this study. 
Phytoceramidase catalyzes the reaction: phytoceramide + H2O = fatty acid + 
phytosphingosine and is thought to be part of a hydrolase protein family (Lynch et al.., 
2004).  The sequenced AFLP band was found to be in a region located ~200  bp upstream 
of an uncategorized phytoceramidase coding region but the sequence has no CCGG or 
GGCC sites (Appendix G).  For the insert, every time point had bands, showing the insert 
was present in Prunus.   Amplification of the full gene region had no bands except for the 
control.  This is expected unless every CCGG region in gene was methylated.  EST 
analysis using the GDR NCBI Prunus EST database did not find positive expression for 
this gene. 
The fourth sequence was found in a region 10 bp downstream of a DEAD_2 
super-family protein. This protein family is a conserved region containing a number of 
RAD3-like DNA-binding helicases. The sequence was located inside the DUF 1227 
(Domain of Unknown Function) super-family, which is a conserved protein of unknown 
function. This sequence does not start out with a potential methylation recognition 
sequence but does have a CCGG site inside of the insert region (Appendix H).  There 
were bands at all time points except for HC at 250 hours.  The AFLP results at this time 
point show no methylation, but other time points also show no methylation.  The internal 
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recognition sequence seems to be methylated at most time points.  EST analysis using the 
GDR NCBI Prunus EST database did not find positive expression for this gene.  
However, this is expected as it is located in an intronic region. 
The methylation of these regions showed differences between the HC and LC 
samples and may be subject to regulation via methylation during different time points of 
growth during chill accumulation, dormancy and dormancy release.  
 
CONCLUSION 
From the completed analysis of the MS-AFLP in progressively chilled, vegetative 
HC and LC buds: 
1) We determined that there is evidence of differences in DNA methylation 
between buds sampled from two trees that differ in chilling requirement. 
2) The cloned sequences were fragments of a COBRA-like protein, a VQ Motif, a 
region 200 bp upstream from a Phytoceramidase, and a region 10 bp downstream 
of a DNA helicase repair protein (DEAD_2) from the DUF 1227 super-family. 
3) Two of the cloned AFLP bands were located in CR QTL located on linkage 
group 1 (LG1).  Two other cloned sequences were found immediately outside 
QTL regions on LG1 and LG8.  
 
The use of the selected restriction enzymes, HpaII and MspI, only allow a 
minimal percentage of methylation sites to be detected in the genome.  Further 
methylation analysis at the whole genome level using HC and LC sibling trees and the 
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dihaploid genotype ‗Lovell‘ needs to be done (vegetative and floral buds).  The dihaploid 
‗Lovell‖ genotype comes from the ‗Lovell‘ rootstock and would greatly reduce the 
genetic variation in the whole genome scan.  
This whole genome DNA methylation study should be done by Bi-sulfite Illumina 
sequencing. This would allow a complete picture of the whole genome methylation status 
occurring before, during and after endodormancy, and characterization of key sites where 
methylation is occurring.  QTL analysis using the methylation pattern differences 
between the HC and LC samples, would allow focus on genomic regions responding to 
temperature cues and filtering out changes due to other environmental factors (such as 
photoperiod and drought).   
Histone methylation changes should also be studied in these same samples during 
the onset and release of dormancy using ChIP-seq of H3K27me3.  As histone 
methylation profiles do not always match DNA methylation profiles, this would allow a 
comprehensive picture of the methylome.  This would allow a comprehensive picture of 
the methylome before, during and after dormancy from this material.  
Transcriptome expression changes that are associated with these samples and time 
points should be investigated to determine the epigenetic changes occurring with the 
actual gene activities.  This would allow study of the gene activity through the duration of 
endodormancy, to see if there are differences between high and low chill phenotypes. 
Once this is established, then specific networks and genes found from that study and this 
current study can be targeted for further study. 
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Appendix A 
Information on 26 individual bands cut from MS-AFLP 
 
 
For each AFLP band cut from the gel it has been given a letter.  The band size represents the size of 
fragment it was on the gel.  The chilling hours, whether it was a HC or LC band cut and the methylation 
status of that sample is also noted. 
 
 
 
 
 
82 
 
APPENDIX B 
Colony Selection for sequencing 
 
 
COLONY 
SELECTION
PRIMERS
Band 
Letter
# of 
colonies
colony codes in 
96 well plate
Eco1/HM1 A1 1 1A
A2 4 2A,2B,2C,2D
B1 2 3A,3B,3C
B2 4 4A,4B,4C,4D
C 3 5A,5B,5C
D 2 6A,6B
E 2 7A,7B
F 2 8A,8B
G 8
9A,9B,9C,9D,9E,9
F,9G,9H
H 6
10A,10B,10C,10D,
10E,10F
I 3 11A,11B,11C
J 3 12A,12B,12C
K 1 13A
L 3 14A,14B,14C
M 7
15A,15B,15C,15D,
15E,15F,15G
Eco2/HM1 A 4 16A,16B,16C,16D
B 6
17A,17B,17C,17D,
17E,17F
C 3 18A,18B,18C
D 3 19A,19B,19C
E 3 20A,20B,20C
Eco3/HM1 A 6
21A,21B,21C,21D,
21E,21F
B 4 22A,22B,22C,22D
C 3 23A,23B,23C
D 3 24A,24B,24C
Eco3/Hm2 A 7
25A,25B,25C,25D,
25E,25F,25G
B 3 26A,26B,26C  
 
Primer sets used, band letter, how many plasmids from each sample and names of 
plasmids sent for sequencing. 
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APPENDIX C 
Clonal ID‘s for sequencing 
 
96 well plate         
12 25F 25G 26A 26B 26C 9F 9G 9H 
11 24A 24B 24C 25A 25B 25C 25D 25E 
10 21F 22A 22B 22C 22D 23A 23B 23C 
9 20A 20B 20C 21A 21B 21C 21D 21E 
8 17E 17F 18A 18B 18C 19A 19B 19C 
7 16A 16B 16C 16D 17A 17B 17C 17D 
6 14C 15A 15B 15C 15D 15E 15F 15G 
5 11B 11C 12A 12B 12C 13A 14A 14B 
4 3E 2B 2C 2D 4B 4C 4D 11A 
3 9D 9E 10A 10B 10C 10D 10E 10F 
2 6B 7A 7B 8A 8B 9A 9B 9C 
1 1A 2A 3A 4A 5A 5B 5C 6A 
 A B C D E F G H 
 
96-well plate with clone ID‘s 
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APPENDIX D 
Primers designed to confirm insert and to confirm  methylation 
 
Insert Primers  
 5’ to 3’ 
COBRAF AGTTCACACCGCCACAAAAC 
COBRAR ATTCACTGGCAAGCCACTT 
HRFORWARD CTGTGACAACGGGAGCACTA 
HRREVERSE TCCCAGATGGGGTTGTATGT 
VQFORWARD CTCGCCTCCATCAACAAAAC 
VQREVERSE CGTCGTCATGCTGATGAGAG 
PHYTOCF CCTACCGTCGTCTGTAGAGA 
PHYTOCR CCTGAGACGGGTGAAAATTG 
  
Gene Primers  
COBRAMF CTTCACCCTCAGCTTTCTGC 
COBRAMR TGCTGTGTTTATCCTCCCATC 
VQMF CAAAATCGTAGTGGGATTCTGA
G 
VQMR GGCCTGGCCAGTAAACAATA 
  
 
 
Forward and reverse primers were designed for each insert being studied.  Forward and 
reverse primers were designed for each gene being studied.   
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APPENDIX E 
Cobra-like protein genomic DNA sequence 
COBRA GENOMIC SEQUENCE (3142NUCLEOTIDES) 
ATGGACTTCAGCTCCATGAGCTGCCCTCTGATCTTCACCCTCAGCTTTCTGCTTATTTTCACTGC
CTTGCCTTCTTCATTCTCTCAGCCAACCGCGGATGCTCCAGCACCAGCCTCCGATTCGTGCAAC
GGCGTGTTCTTATCGTACGCCTACACCACCGGAGCCAAGCTCCCGCCCGAGCTCAAATCTAAC
CCCAAGCGCCAGCCCTACCGGTTCGAGTCCGTGCTCACTGTGCTCAACAACGGGCTCGAGGAT
CTGAAATCTTGGAGGGTCTTCGTGGGGTTTAAGAACGATGAGTACTTGGTCTCTGCCTCCAAT
GCCGTTTTGGCAGACGGGACTAGCTTGCCTGGAAGTGTGGGAAACGGCACCGTTTTGGCTGGG
TTTCCGATGACCGATCTGAAAACTGCGATTAAGACTGCGGGAGACTTGACCCAGATGGAGGTT
CAGGTCAAATTGCTCGGGACCCAATTCGGTGTGGCCCCACCCAAGGTTCCTCTGCCCTCGAAT
ATCTCTTTGGCCAATGATGGGTTTGTTTGCCTCAACGCCGTGCAAGGTCAGTTCTTAGCATTCA
TTTTGGTCGTCTCTGTTTTGGGTATTTGTGGATTTGTGTTTTTCTGGTACATTTTTAGATGTTGG
TATTTGATGAAATTTAATTTGGAGTATACAGATTTCATTTTTATCCGTTACCCTTTTTTTATGTT
TAGCTGCTAGCAGTTCTTTTGACAGCTTATATATTTTCAGGTTTCAATCGTTTGTTTTGAATGTT
CATTATATATAACTGTATTAAATTGAATTTGATGAGAGAATACCCGGTGTATGTTGGTGTGGA
GATGAAGGGAAATTACGGTTATATCTGTCCTCAAATATTTGGAATTTGTTTAGAGATTATTTGA
ACATTTTCTTCCAATTTGCGTTGGACCGTATCAGTCTCATTGGTATATTGACTTGCTTTAAGTC
ACTAGGAAAATTTGTTACTCCTAGATTCATAACTACAATGGTGAATGTCTAGAACCACAAATC
AAGATGTCTTCCCCATTAGTTTTTCGTTTTTGGAAGACAATGGCCTTCTATATCTGCAAGGAAA
ATTTGTTAGTCTTGGTCTACAGAAAAAAATTTGGGTCTAGTTTTTGTTTAGCTTTTGGTTATAA
TCAGATCATTGCTTTCTATGTTTCCTTCATATTATTAGACTGTCATTTTTATGGCGTCCTTTTCT
CTATAGACCAATTTGTTAATAACAACCAGATGTCACCGCGATAACATACATTTGACACAAAGT
TGGGTTTTCACTTTTACTATCCATGTTAATGAGCATACTCTTACGCTTCTCTGATTATGTTCTTC
CCAGGGACGAATGAAATGCATGTCTGTTGCACCGTAGACGCAAAGTTTAAAACGAACATCAC
TGTAGATGAAGAGTTCCTCCCCCGCCAAAATGGAGATCTTTCAATTATGTATGATGTGACCAA
TACTCAAGACTCAAATTACTGGGCACAAGTTACAATTGCCAACCATAACCCCCTAGGCCGTCT
TGATAATTGGAAATTGAGCTGGGACTGGATGGCAGATGAATTTATATTTGCAATGAAAGGGG
CGTATCCATCTATTGTAGATTCTTCTGACTGTATATTCGGCAGACAAAGTACATACTACAAGG
ATCTGGACTTCTCCACCGTATTGAATTGTGAAAAACGGCCAACCATAATTGACCTGCCTCCAA
CAAAGGCCAATGACACTCTACTTGGTCTGGTCCCTAATTGTTGCCGAAATGGTACTATCTTGCC
ACGATCAATGGATCCAAGCAAATCAATGTCATCATTCCAGATTCAAATCTTTAAAATGCCTCC
AGATCTTAACCGGTCCCAGTTCACACCGCCACAAAACTGGGCAATCAACGGCACGCTCAACCC
TGATTATAAATGTGGCCCTCCTGTGCGGGTGAGTCCTAGTCAATTTCCTGATCGAAGTGGCTTG
CCAGTGAATTCATCTGCGGTAGCTAGCTGGCAGGTTGTGTGCAATATTACACAGCTCAAGGGA
GCAAGCCCTAGATGCTGTGTATCGTTTTCTGCTTTCTACAATGATTCGGTCATCCCATGCAACA
CTTGTGCATGTGGCTGCCCTAGTAATACAGCTCGAACTTGTAGTACAACTGCACCAGCTATGC
TTCTTCCGCCGGAGACACTTCTTGTTCCCTTTGAGAACCGAACTGTCAAGGCAAAAGCTTGGG
CTGAACTTAAACATCTACCAGTTCCAAACCCGATACCCTGTAGTGATAACTGTGGGGTCAGCA
TTAACTGGCATTTATATACAGACTACTCTCGTGGATGGAGTGCAAGGGTCACACTCTTCAATT
GGGATGAAACTTCTTTTGTTGATTGGTTTGCTGCCGTGCAAATGGATAAAGCAGGCCCTGGTT
TTGAAAAGATGTACTCTTTCAACGGAAGTACCTTGGAATTGAATGGTGTCAACAATACCGTAT
TCATGCAGGGTCTTGAAGGATTGAACTACCTTGTGGCAGAAACAGATGCAGCCAACCCGCAG
AAGGATCCTAGGGTGCCTGGGAAGCAGCAATCAGTCATCTCATTTACAAAGAAGAAGACTCC
TGGAATTAATGTGATTGGTGGAGATGGGTTTCCGACAAAAGTATACTTTAATGGGGAGGAATG
CTCACTTCCTAAAATATATCCAAGTAGTGGTAACAGAAAGAGTACACCGATAATGTTTTCAGT
CCTCCTAATGGTTGTAGCGTTCATGGTGATCTAGCAATAGCTGAGGGATGAGGCACTGCCAGA
TCTTGTAGCTGCTGCTGATTTTTTTTATTCTTTCAGTGGTTTGATTGATATATGCTCAACCAGGA
GGTTTTGCAAAATCTTAACGACTAGAAGACGTGCATGCCATGACTGGTACTTATGAGGTTGTT
AGGGGAAATTTGGTTGTCGCTGGCAATCTCTTGCTCTTCATCTGCACATGCTGATGGGAGGAT
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AAACACAGCAAGTGACAGCAAATCATATGTAGCTATTGTTCTCATATTTTGTATAAACAATTA
CTGAACTAGGTGCTTGCTTTGATTCTTTTGTTATATGTATACATGTGGGAACGATTATCCAATA
TATCTTTTTGGAGTCACTGGAATTTAGGACAATTA 
 
The cloned cobra insert is bold italics in the center of the gene with primers designed for 
the insert highlighted in red.  Primers for the entire gene are also highlighted in red on 
each end of the gene.  The restriction enzyme recognition inside the insert is highlighted 
in yellow. 
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APPENDIX F 
VQ Motif genomic DNA sequence 
 
ATGGATTTACATAGTGCACCACTATATTATTTATATTTAAATATATTTCCATTAGAGTTTTCAG
AAGTTTACAAAATCGTAGTGGGATTCTGAGATTTTGATTCAGCAATTTTGGATAAATGTTGAA
CTAATACATTCAAATCTTATTCAATCCCAAGCTCTGTAGTCATAATGAATAAGATGGTAGTTC
AATTTAATCTTGCAGCGGCCTAATAAATCTTACTTTTGCACAATTTTGAGTTTTAACTATCAGG
TATGAAGGAATGTTAATCAGAAAAATTGTTGACGAGATCACCAGAAAACTGAAGAGCACATG
CGTAGACGTAGTCACCGAACAAGTAGAATTAGATTCAAGCATTCAAGAAATCAGTAATGATTT
AAAGGTTCATGTTGGAAAAGATTCTCGATTGCAAGAAATCAGTGCTCGTTTAGATATTGGAGG
CCCAAAATATGCTCACATTCAACCCCAGGGCCCACGGCCCACTGCTTTCAAAGTCAACAAAGC
GTCGGTCAAGATAAAGAAGCGACCACCTCATGCAGTTGTGAAATGCTGCCGGACTGTGGTCAT
CCAAGCCAATCCTAGTGAGTTCAAGTCCTTAGTCCAACGCTTTACCAGCACTTCCTCTTCACCG
TCCTCCGGTGATGGCGGCCTCTCACCAGCCGCAAGACTCGCCTCATCAACAAAACAACCCTTC
ATTCTTCTTCCACTTCAGATCACAAGAAGCCTTTATTCCCACCATTTCTTCTCATGACGAAGAC
TTTATGGGAAGTATTTGTAATAATCTTAAAGATCTAGGAAGAGGAGAAGGAGGAGGAGGATC
CCTGCAAATTGATGAAACGCGTCACTTTCCAGGCTTATTGTCTCCTGCCCCAGCCAGTTTGCCG
TCTATCCCACATGGGTTTTTCTCTCATCAGCATGACGGCGCCCTTATGCCATCTCCAACTGGAG
CAGGCCAAATCCAAAAATTGAGTTCTAGCCCATATTGTTTACTGGCCAGGCCAAAATTTCCCC
CAAGCCCAAGATAA 
 
The cloned VQ insert is bold italics in the center of the gene with primers designed for 
the insert highlighted in red.  Primers for the entire gene are also highlighted in red on 
each end of the gene.  The restriction enzyme recognition inside the insert is highlighted 
in yellow. 
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APPENDIX G 
Phytoceramidase genomic DNA sequence 
Insert: 
ATCATGAGTCCTGCTCGGTAACAACAATTCTATCCCTACCGTCGTCTGTAGAGACCCATCATC
ATAATCTTACATGCATTTTCTCAAACAGGAAACTAACAACATAAGAGAGCTGCTTCCATGGCG
TGGCGGGTTTACCTGATCGAAGATCTAACGGTAAGGGAGTGGTAAAGTGGGAAAGCGATGGG
AAGATGAAGATCTATCATCGTTGATAGAGCCCCGAGTTTCCATGGGAGTTCAATAATGAGTGC
AACATTTTTCTTTTCTGTCCCTTGCAATTTTCACCCGTCTCAGGCTGTCTGTTACCACTTCCAAT
ATTTTTACCGAGCAGGACTCATGAT 
 
 
ATGGCACTCGCCTTGTTCGTAAAGGAAGAAGGTTGGGTCGATTTGTCAGACACAAATTCTGGC
TCTAGGGTGTTTCTCTTTGCAGCAATCTTTTTGATTTACGTGCTACTCTTCGGCCTCAACATGCA
TTTTCCTGGTATGTTCAAAACTTGAACTTTCGTTTATTTTCTTATCTAATCAGCTTGGTATTATA
ATGGGATATTTACAGATGTAGTTTATTACTCATTGCAGCTAAACTAGAAGGTAGTGGTCTAGT
ATCCGTATTTCAGCACGGCAAGAAATTTTTGCCATTTCATGTTGTTGGAAGACCACCCAGATG
CAAGCATTGTAAGTAGTGTAAGTGTGAAGTGTTATATTTTCAATGTTTCATATCACAACCCTTG
AGTTTATTATTGATTTAGTGCTTATGCATATGAAGATGATAATGATGTCTTTTTCTTTCTTGTTC
GTTGGATTGTACAAAGATACAAAATTTGCAAACCAGTTTATCCCTATGGCTCATCCCTTTTGCC
CCCTCCCATATAATGATTTTCCAAATTTGCCTTGCGAGGTTGGGTTTTTGGAATAAGTTGAGTA
TCTTGTTGAACCTAAGGAAGTCATGAACTTCACACTGTTTTCACTAGAGTTCATTGACCAAGA
GGGAATACCTTCCCTTAGTAATATATATGAACCTAGATTTGGAGGACATCAGACACTTGAGGA
AAGAGAGCAATCTTTCTTTGCGAAGAATCAAACTCTACATTGTGGATTTATCAAAGGACCCCC
TGGATTCTCAAGCACTGGATTTGATATAGATGTGAAGGACAAGGCATACAAGAACAAGTGTA
AGATTGCAGTATCTTCTTGCATTTTTGGAAGCTCTGACTTTCTTAGGAGGCCTACAAGCAAAA
AGGTTAATGAGCTAGTCTTTATTGAACGTATTTGTCTTCTCGTATTCATATAAAGCATATAATC
AAATGTTTTGGGTTAAATAGTTATTTTTCCTCTTTCTGTTGGTTCTGTATGAAATGGGATGATG
CTAAAAGAACTTGCCATCGTCCTGATATTTTGTTTGGCTAATAAACATTGAAGTTAGTAATTAG
ACCCCTTTGTGTCGGACAAGAAAATTAATAGGTGTAGAGTTGAAGATGACGAACCAAGTCCTC
AGAAGATGTAAAGTTTTCTTTCAGACAGCTCTTTTCATTAGTTTAATTTTACATAAGGGCAGCG
TGATGACGAGGCATTAGAGGGCTTCTCATGAAGTATGGAGATAAAAAAGCAATTAAGTGAAG
TTGTTATTCATGGAGAGCTTTGGTGCTATCTATGGTATCACTGCAGATGAGTTTAAAGTATGCT
CTGATTAATGGCTGAGATACCTGCTGGGATGTTGAAGGTTGTGTAGATGATGTCTTATTTTGCC
GATGACCTACTTTTGTTCTCAATCATCATATTGATTATAGATTGATAAAAAGCATAACTCAGCA
CACTTTTCTTGCACAAGGAACAACTAGATTATTTTATTAAGTTCATTCTTTTTAGCAATTTGCA
TGCATTTGTTGGCATTCTAATCATGTATTTTGAGTTTGTCGAGTTGAACCGTGTCCTGGCTGCA
TAATGCAGAACATACAATTGAATGTTTTTTAGTGAGACAAATTATTAATTGAACTACTTCTCTT
TGTCAAATTTTTTCAAGACTGTGAGTGCAGAGCACTAGTAAAGCAATTCTGGCATAGGGAAGA
GCCATCTCCTCCAGGACCTCCACCACTTGTTACTTGA 
 
The cloned Phytoceramidase insert  primer locations.  Primers for the entire gene are also 
highlighted in red on each end of the gene. 
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APPENDIX H 
DNA Helicase DUFF-protein superfamily insert sequence 
 
ATCATGAGTCCTGCTCGGTAATTGTCAAGAGCCAAAGTAGTTTCAACGACATCTTGGGTCTCA
ATGAAAACAAGCTTATGCTGCATTATTTCCTGTGACAACGGGAGCACTAAGAAACTATCCACA
AAACTAACTTCATGGCAAACTTGGAAAACAGGACAACAGAAAAAGTCATAGACACCCAACAA
AAGTAATAGCCATTGATAGTGCAGTCACCTTTAAAATTCCATTTTCGTTCCAGCTATTGACTAT
TCCATCCATATAAGAGTAACTGACAAAGAAACATACAACCCCATCTGGGACAACAGAAACCA
TCTCCAGCAGCGGCCTCCCGTAGTTCCTTACTACGCCAAGATCACTTCTCATATCAAATTTGGT
ACTTACCGAGCAGGACTCATG 
 
DNA Helicase DUFF-protein superfamily insert with primers 
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APPENDIX I 
 Cobra-like protein gel pictures 
 
Gel picture of Cobra- like protein  insert and Cobra-like protein gene 
Cobra inserts (152 bp):  
 
A) 1st lane: MspI enzyme low chill samples (1kb ladder) 
1) Pre-chill 2) control 3) 50 hr. 4) control 5) 250 hr. 6) control 7) 400 hr.  
8) control 9) 780 hr. 10) control 11) 1200 hr. 12) control 
 
  2nd lane:MspI enzyme high chill samples (1kb ladder) 
1) Pre-chill 2) control 3) 50 hr. 4) control 5) 250 hr. 6) control 7) 400 hr.  
8) control 9) 780 hr. 10) control 11) 1200 hr. 12) control 
 
B) Cobra gene (3.2 kb): odd number lanes are low chill; even number lanes are high chill.  Lane 13 is 
undigested genomic DNA. 
A. 
B. 
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